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Foreword

The U. S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation's land, air, and water
resources. Under a mandate of national environmental laws, the Agency strives to formulate and implement actions leading to
a compatible balance between human activities and the ability of natural systems to nurture life. To meet this mandate, EPA's
research program is providing data and technical support for solving environmental problems today and building a science
knowledge base necessary to manage our ecological resources wisely, understand how pollutants affect our health, and prever
or reduce environmental risks in the future.

The National Risk Management Research Laboratory is the Agency's center for investigation of technological and manage-
ment approaches for reducing risks from threats to human health and the environment. The focus of the Laboratory's research
program is on methods for the prevention and control of pollution to air, land, water and subsurface resources; protection of
water quality in public water systems; remediation of contaminated sites and groundwater; and prevention and control of
indoor air pollution. The goal of this research effort is to catalyze development and implementation of innovative, cost-
effective environmental technologies; develop scientific and engineering information needed by EPA to support regulatory and
policy decisions; and provide technical support and information transfer to ensure effective implementation of environmental
regulations and strategies.

This publication has been produced as part of the Laboratory's strategic long-term research plan. It is published and made
available by EPA's Office of Research and Development to assist the user community and to link researchers with their clients.

E. Timothy Oppelt, Director

National Risk Management Research Laboratory



Abstract

This report evaluates an in situ electrokinetic extraction system’s ability to remove hexavalent chromium in the form of
chromate ions from soil under unsaturated conditions. Specifically, this report discusses performance and economic data from
a Superfund Innovative Technology Evaluation (SITE) demonstration of an In Situ Electrokinetic Extraction (ISEE) system
developed by Sandia National Laboratories (SNL).

The ISEE system demonstrated combines electrokinetic and lysimeter technologies. The lysimeter technology hydraulically
and electrically creates a continuum between fluid in the anode casings (anolyte) and soil pore water, thereby enabling
extraction of the chromate ions in the anolyte while the anolyte is held in the electrode casing through applicationrof a vacuu
This feature allowed removal of chromate from unsaturated soil during the demonstration without significantly altering the soil
moisture content.

The ISEE system developed by SNL was demonstrated at the U.S. Department of Energy SNL Chemical Waste Landfill
(CWL) site’s Unlined Chromic Acid Pit (UCAP) in Albuquerque, New Mexico, from May 15 to November 24, 1996. The
system was housed in two buildings: a control trailer and a temporary structure. The electrode system of the ISEE system
consisted of an anode row oriented east to west and four rows of cathodes parallel to the anode row, two rows to the north and
two rows to the south of the anode row. The entire system was operated for a total of 2,727 hours during 13 tests performed
in six phases. The first 12 tests were performed to determine the preferred operating conditions for Test 13, which consisted
of system performance testing under SNL's preferred operating conditions for the SITE demonstration.

Approximately 520 grams (g) of hexavalent chromium was removed during the demonstration. Overall hexavalent chromium
removal rates varied from 0.074 gram per hour (g/hour) during Test 1 to 0.338 g/hour during Test 5. Overall hexavalent
chromium removal efficiencies varied from 0.0359 gram per kilowatt-hour (g/kW-h) during Test 7 to 0.136 g/kW-h during
Test 13. More than 50 percent of the postdemonstration soil samples exceeded the toxicity characteristic leaching procedure
(TCLP) limit of 5 milligrams per liter (mg/L) for total chromium. The soil TCLP leachate concentrations that were above the
TCLP limit ranged from 6 to 67 mg/L. Downtime during system operation ranged from 0 percent during Test 11 to 66 percent
during Test 1. Over the entire demonstration, the ISEE system was on line 64 percent of the time.

Economic data indicate that the costs for treating 16 cubic yargo{yexavalent chromium-contaminated soil with the ISEE
system configuration used during Test 13 are about $1,400 péory2D0 g of hexavalent chromium removed.

The ISEE technology developed by SNL is applicable for treating unsaturated soil contaminated with hexavalent chromium.
According to SNL, this technology can be modified to treat saturated contaminated soil and to remove contaminants dissolved
in pore water other than chromate. A full-scale, commercial system has not yet been developed. SNL maintains that a full-
scale system would be significantly be improved over the system tested during the demonstration. Therefore, further
performance and cost analyses should be performed on a full-scale system.
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Executive Summary

The electrokinetic extraction technology is a treatmenthe ISEE system to treat soil contaminated with hexavalent
process that facilitates the in situ extraction of metals frormhromium in the form of chromate, and discusses the
unsaturated and saturated soil. The In Situ ElectrokinetlBuperfund feasibility evaluation criteria for the ISEE
Extraction (ISEE) system developed by Sandia Nationalystem.
Laboratories (SNL) focused on the remediation of
hexavalent chromium-contaminated soil under unsaturatdeechnology and System Description
conditions (optimal moisture content in the range 10 to 12
percent by weight, representing approximately 25 perceiithe ISEE system developed by SNL applied electrokinetic
saturation). The SNL ISEE system was accepted into thechnology to unsaturated soil to remove hexavalent
Superfund Innovative Technology Evaluation (SITE)chromium. The application of current to the soil-water
Demonstration program in Summer 1994 and wasystem resultsin the following: (1) ionic species in the soil
demonstrated at the U.S. Department of Energy (DORjore water migrate to the oppositely charged electrode (a
SNL Chemical Waste Landfill (CWL) site’s Unlined phenomenon called electromigration), (2) charged
Chromic Acid Pit (UCAP) in Albuquerque, New Mexico, particles in the soil pore water migrate to the oppositely
from May 15 to November 24, 1996. This demonstratiocharged electrode (a phenomenon called electrophoresis),
was funded by DOE's Office of Science and Technology3) bulk water moves toward the cathode (a phenomenon
through the Subsurface Contamination Focus Area. Tralled electroosmosis), and (4) electrolysis reactions
ISEE system was independently evaluated under the SITdécur at the electrodes. The combination of these
program. phenomena results in the movement of ionic contaminants
toward the electrodes. The direction and rate of movement
The purpose of this innovative technology evaluatiowill depend on the charge of the ions (both in terms of
report (ITER) is to present information that will assistmagnitude and polarity), the degree to which the ions
Superfund decision-makers in evaluating the ISEE systeatdsorb to the soil particles, and the magnitude of the
developed by SNL for application to a particularelectroosmosis flow velocity.
hazardous waste site cleanup. The report provides an
introduction to the SITE program and ISEE systenThe ISEE system used for the SITE demonstration was
technology (Section 1), analyzes the technology'sioused in two buildings: a control trailer and a temporary
effectiveness and applications (Section 2), analyzes thstructure. The ISEE system used for the demonstration
economics of using the ISEE system to treat soitonsisted of anodes, cathodes, and cold fingers cathodes
contaminated with hexavalent chromium in the form othat made up the electrode system. The electrode system
chromate (Section 3), summarizes the technology’s statesnsisted of an anode row oriented east to west and four
(Section 4), and presents a list of references used tows of cathodes parallel to the anode row, two rows north
prepare the ITER (Section 5). Vendor's claims for thend two rows south of the anode row. Two types of
ISEE system are presented in the appendix. cathodes were used during the SITE demonstration:
cathodes similar to the anodes, which will be referred to as
This executive summary briefly describes the ISEEcathodes,” and simple design cathodes, which will be
technology and system, provides an overview of the SITEeferred to as “cold finger cathodes.” The treatment zone
demonstration of the technology, summarizes the SITas determined by the active portion of these electrodes
demonstration results, discusses the economics of usiagd extended from 8 to 14 feet below ground surface (bgs).



The operation of the ISEE system was regulated by a watsite laboratory. Field analytical data were subsequently
control system, a vacuum control system, a power supptieemed adequate to estimate the amount of hexavalent
system, a monitoring system, and ancillary equipment. chromium removed from soil by the ISEE system.
Predemonstration and postdemonstration soil samples
The anodes and cathodes used at UCAP were designedtdlected by EPA were analyzed for hexavalent chromium
combine electrokinetic and lysimeter technologies. Thito verify the hexavalent chromium removal estimate based
combination was necessary to allow the operation of then anolyte sample analyses.
system under unsaturated soil conditions. Lysimeter
technology hydraulically and electrically creates arhe secondary objectives of the technology demonstration
continuum between the anolyte and the pore watewere to determine whether treated soil meets the toxicity
thereby enabling the extraction of the chromate ions in theharacteristic leaching procedure (TCLP) regulatory
anolyte while the anolyte is held in the electrode casingxiterion for total chromium and to evaluate the ISEE
through the application of a vacuum. This feature allowedystem’s ability to remove trivalent chromium from site
the removal of chromate from unsaturated soil during thsoil.
demonstration without significantly altering the soil
moisture content. To conduct the demonstration, SNL was required to meet
the conditions of the New Mexico Environmental
The ISEE technology developed by SNL is applicable foDepartment’s Resource Conservation and Recovery Act
treating unsaturated soil contaminated with hexavalefRCRA) Research, Development, and Demonstration
chromium. According to SNL, this technology can bepermit for the ISEE system. Predemonstration testing
modified to treat saturated contaminated soil and teesults indicated that some of the soil in the demonstration
remove contaminants dissolved in pore water besidesea is hazardous (EPA waste code DO007) because
chromate. Because other anions will compete with thehromium concentrations exceeded the TCLP criterion for
targeted contaminant ions to be removed, it is necessarydbromium. Therefore, the permit required that SNL
determine the electrical conductivity of soil pore water angierform postdemonstration TCLP testing to determine the
the target ion concentration to determine the applicabilitimpact of the ISEE system on soil known to be

of the ISEE technology. contaminated. SNL therefore collected a large number of
treated soil samples for total chromium analysis after

Overview of the SNL ISEE System SITE extraction using TCLP.

Demonstration

Because incidental removal of trivalent chromium will
The ISEE system SITE demonstration took place at thikely be accomplished by the ISEE system, evaluation of
UCAP, which is part of the CWL site located within trivalent chromium removal was a secondary project
Technical Area lll at SNL. The UCAP is a rectangular pibbjective of this project. To accomplish this objective, the
measuring about 15 by 45 feet and is 10 feet deep. Tipeedemonstration and postdemonstration soil samples
areal extent and depth of the area targeted by tlmllected for hexavalent chromium analysis were also
demonstration was selected based on the highest resultsaofilyzed for total chromium so that the trivalent
water soluble chromium concentrations from samplinghromium concentrations could be calculated as the
performed during previous investigations. During thelifference between the total and hexavalent chromium
demonstration, the system was operated for a period obncentrations.
2,727 hours between May 15 and November 24, 1996.

During the SITE demonstration, 13 tests were performed
The primary objective of the technology demonstratiomluring six phases. The test areas ranged from 36 to 72
was to estimate the amount of hexavalent chromiuraquare feet, and contaminated soil from 8 to 14 feet bgs
removed from soil by the ISEE system because the ISEkas treated. The first 12 tests were conducted so that SNL
system is primarily designed to remove hexavalentould determine the preferred operating conditions for
chromium. To accomplish this objective, SNL collectedTest 13 and to facilitate the migration of hexavalent
and analyzed anolyte samples for hexavalent chromium aeliromium toward the central portion of the test area. Test
its field laboratory throughout the demonstration period13 consisted of system performance testing under SNL'’s
An independent check of field analytical data wagreferred operating conditions for the SITE demonstration.
provided by EPA through split sample analysis at an off-



Three sampling events occurred during the ISEE system
SITE demonstration: one of predemonstration soil, one of
anolyte (electrolyte from the anodes), and one of
postdemonstration soil. SNL collected predemonstratior?
soil samples from various depth in boreholes within and
near the test areas using a 1-inch-diameter by 24-inch-long
Geoprob@ Large Bore Sampler. SNL extracted a portion
of each sample with water and analyzed the extract for
chromium. Additional sample portions were sent to an
off-site laboratory in order to have these soil samples
extracted using TCLP and the extracts analyzed for total
chromium. EPA used SNL’s archived soil samples to
determine total and hexavalent chromium concentrations
in the predemonstration soil.

During operation of the ISEE system, SNL collected
anolyte samples daily and analyzed them for hexavalent
chromium to determine removal rates. To verify these
results, EPA obtained anolyte samples from all four
operating anodes daily for 8 days. These samples were all
sent to Quanterra for analysis for hexavalent chromium?’
The relative percent differences between the SNL and
Quanterra results varied from 0 to 20 percent indicating
that SNL's field hexavalent chromium analyses were
acceptable.

After the demonstration, EPA collected soil samples using
the Geoprob®from locations near (within 1 foot laterally
and 2 inches vertically) the predemonstration sampling
locations and sent these samples to an off-site Iaboratory
for the same sort of preparation and analyses for
hexavalent chromium and total chromium conducted
during predemonstration sampling. SNL collected a
separate series of Geoprtsamples and sent them to an
off-site laboratory for TCLP extraction and total
chromium analysis.

SITE Demonstration Results

Key findings of the ISEE system SITE demonstration are
listed below.

» Approximately 520 grams (g) of hexavalent
chromium were removed during the entire
demonstration. Overall hexavalent chromium
removal rates varied from 0.074 gram per hour (g/
hour) during Test 1 to 0.338 g/hour during Test 5.
Overall hexavalent chromium removal efficiencies

varied from 0.0359 gram per kilowatt-hour (g/kW-h)
during Test 7 to 0.136 g/kW-h during Test 13.

The total mass of hexavalent chromium extracted by
the ISEE system should have been verified by
calculating the difference between hexavalent
chromium mass in treated soil before and after the
demonstration. However, soil results for hexavalent
chromium exhibited a high spatial variability
resulting from (1) the nonhomogeneous distribution
of chromate concentrations in soil before the
demonstration and (2) the fact that the demonstration
was terminated before chromate removal was
completed. In addition, limited data appear to indicate
that contaminants had likely migrated from areas
outside of and near the treatment area. Thus, a
determination of the mass of hexavalent chromium
removed based on soil sampling results was not
possible.

Of the 43 predemonstration soil samples analyzed by
TCLP, 18 exceeded the TCLP limit of 5 milligrams
per liter (mg/L) of total chromium at concentrations
ranging from 5.6 to 103 mg/L, with a median
concentration of 15.4 mg/L. Postdemonstration
results indicate that 18 out of 35 soil samples exceeded
the TCLP regulatory criterion for chromium at
concentrations ranging from 6 to 67 mg/L, with a
median concentration of 20.4 mg/L.

Trivalent chromium concentrations were to be
determined by calculating the difference between total
and hexavalent chromium concentrations. In general,
the ratio of trivalent chromium to total chromium
ranged from 7.6 to 94.9 percentin the predemonstration
samples and from 27.6 to 99.6 percent in the
postdemonstration samples. This large variability
precluded the calculation of trivalent chromium
concentrations as originally intended because it would
have further increased the data variability. Therefore,
no conclusion was drawn regarding the ISEE system’s
ability to remove trivalent chromium.

The entire system was operated for a total of 2,727
hours during 13 tests performed in six phases. The
first 12 tests were performed to determine the
preferred operating conditions for Test 13. Test 13
consisted of system performance testing under SNL'’s
preferred operating conditions for the SITE
demonstration.



Economics

Based on information provided by SNL and the results and
experiences gained from the SITE demonstration, an
economic analysis was performed to examine 12 separate
cost categories for using the ISEE technology to remediate
hexavalent chromium-contaminated, unsaturated soils.
According to SNL, a full-scale commercial system design
would significantly differ from the system operated during
the demonstration. In addition, the developer has not
completed a full-scale design of a commercial ISEE
system. Therefore, it is not possible to prepare a cost
estimate for a full-scale ISEE system. Because SNL states
that the full-scale treatment system design will be
significantly improved based on the performance of the
system used during the demonstration, the treatment cost
of a full-scale system will also differ from the treatment
cost of the system operated during the demonstration.
When the technology is ready for commercialization,
further economic analysis should be performed.

Treatment costs were determined for the ISEE system
configuration used during Test 13 (SNL's preferred
operating conditions) to treat 16 cubic yards®\yd soil

and remove 200 g of hexavalent chromium (the
approximate mass of hexavalent chromium removed
during Test 13). Because the treatment volume is only 16
yd®and the ISEE system configuration used during Test 13
is currently at the pilot-scale level, the cost pet gfi
treated soil is very high; the estimated treatment costs are
about $1,400 per ydor 200 g of hexavalent chromium
removed. If SNL is able to further optimize the ISEE
system configuration so that hexavalent chromium
removal rate increases from that calculated for Test 13,
treatment time and costs will be lower. As mentioned
above, costs from economic analysis of a full-scale ISEE
system would be more indicative of costs of a commercial-
scale ISEE system.

Superfund Feasibility Evaluation Criteria for the
ISEE System

Table ES-1 briefly discusses the Superfund feasibility
evaluation criteria for the ISEE system to assist Superfund
decision-makers considering the technology for
remediation of contaminated groundwater or soil at
hazardous waste sites.
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Section 1
Introduction

This section briefly describes the Superfund Innovativéechnologies that can be used in response actions to
Technology Evaluation (SITE) program and SITE reportsachieve long-term protection of human health and welfare
states the purpose and organization of this innovativend the environment.

technology evaluation report (ITER); provides background

information on the demonstration of the Sandia Nationarhis ITER was prepared under the SITE Demonstration
Laboratories (SNL) In Situ Electrokinetic Extraction program. The objective of the Demonstration program is
(ISEE) system under the SITE program; describes the provide reliable performance and cost data on
ISEE technology; identifies wastes to which thisinnovative technologies so that potential users can assess a
technology can be applied; and provides a list of kegiven technology’s suitability for specific site cleanups.
contacts for information about the system and SITHOo produce useful and reliable data, demonstrations are

demonstration. conducted at actual hazardous waste sites or under
conditions that closely simulate actual waste site
1.1  Brief Description of SITE Program conditions.

and Reports _ _
Data collected during the demonstration are used to assess

This section provides information about the purposethe performance of the technology, the potential need for

history, and goals of the SITE program and about repor{’%retreatment and post-treatment processing of the treated
that document SITE demonstration results waste, the types of wastes and media that can be treated by

the technology, potential treatment system operating
problems, and approximate capital and operating costs.
Demonstration data can also provide insight into a
SITE Program technology’s long-term operation and maintenance

(O&M) costs and long-term application risks.
The primary purpose of the SITE program is to advance

the development and demonstration, and thereby establigihder each SITE demonstration, a technology’s
the commercial availability, of innovative treatmentperformance in treating an individual waste at a particular
technologies applicable to Superfund and other hazardogge is evaluated.  Successful demonstration of a
waste sites. The SITE program was established by thgchnology at one site does not ensure its success at other
U.S. Environmental Protection Agency (EPA) Office ofsjtes. Data obtained from the demonstration may require
Solid Waste and Emergency Response (OSWER) anrgirapolation to estimate a range of operating conditions
Office of Research and Development (ORD) in responsgver which the technology performs satisfactorily. Also,

to the Superfund Amendments and Reauthorization Act gfny extrapolation of demonstration data should be based

1986 (SARA), which recognized the need for amon other information about the technology, such as case
alternative or innovative treatment technology researckwydy information.

and demonstration program. The SITE program is

administered by ORD’s National Risk Managemenimplementation of the SITE program is a significant,
Research Laboratory (NRMRL). The overall goal of theyngoing effort involving ORD, OSWER, various EPA
SITE program is to research, evaluate, test, develop, apggions, and private business concerns, including
demonstrate alternative or innovative treatmenfechnology developers and parties responsible for site

1.1.1 Purpose, History, and Goals of the



remediation. The technology selection process and tlturing the demonstration. It contains both a narrative
Demonstration program together provide a means toortion and tables that summarize data. The narrative
perform objective and carefully controlled testing of field-portion discusses predemonstration, demonstration, and
ready technologies. Innovative technologies chosen for@ostdemonstration activities, any deviations from the
SITE demonstration must be pilot- or full-scalesampling and analysis plan (SAP) during these activities,
applications and must offer some advantage over existirand the impact of such deviations, if applicable. The tables
technologies. Mobile technologies are of particulasummarize quality assurance and quality control (QA/QC)

interest. data and data quality objectives. The TER is not formally
published by EPA. Instead, a copy is retained by the EPA

1.1.2 Documentation of SITE project manager as a reference for responding to public
Demonstration Results inquiries and for recordkeeping purposes. The purpose

and organization of the ITER are discussed below.

The results of each SITE demonstration are usuall L
reported in four documents: the demonstration buIIetini-2 Purpose and Organization of
technology capsule, technology evaluation report (TER), the ITER
and ITER.
Information presented in the ITER is intended to assist
The demonstration bulletin provides a two-pageSuperfund decision-makers in evaluating specific
description of the technology and project historytechnologies for a particular cleanup situation. Such
notification that the demonstration was completed, andvaluations typically involve the nine remedial technology
highlights of the demonstration results. The technologfeasibility evaluation criteria, which are listed in Table 1-
capsule provides a brief description of the project and ahalong with the sections of the ITER where information
overview of the demonstration results and conclusions. related to each criterion is discussed. The ITER represents
a critical step in the development and commercialization
The purpose of the Technology Evaluation Report (TER)f a treatment technology. The report discusses the
is to consolidate all information and records acquire@ffectiveness and applicability of the ISEE system and

Table 1-1. Correlation Between Superfund Feasibility Evaluation Criteria and ITER Sections
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analyzes costs associated with its application. Thsite’s Unlined Chromic Acid Pit (UCAP) in Albuquerque,
system’s effectiveness is evaluated based on danew Mexico, from May 15 to November 24, 1996. This
collected during the SITE demonstration and from othedemonstration was funded by DOE’s Office of Science
case studies. The applicability of the system is discuss@thd Technology through the Subsurface Contamination
in terms of waste and site characteristics that could affeEbcus Area. The ISEE system was independently
technology performance, material handling requirementgvaluated under the SITE program.
technology limitations, and other factors.
1.4 Technology Description
This ITER consists of five sections, including this
introduction. ~ These sections and their contents arghjs section describes the ISEE process chemistry, ISEE
summarized below. treatment system, and innovative features of the
technology.
e Section 1, Introduction, presents a brief description of

the SITE program and reports, the purpose ang 4 1 Process Chemistry
organization of the ITER, background information

about the ISEE system demonstration under the SI-lehe ISEE technology is a treatment process that facilitates

program, a technology description, appllce_lble Was_tet%e in situ extraction of metals from unsaturated and
that can be treated, and key contacts for Informa’”ogaturated soil.  The electrokinetic removal system

about the ISEE system and SITE demonstration. developed by SNL focused on the remediation of

Or{1exavalent chromium-contaminated soil under unsaturated
Analysis, presents an overview of the SNL ISEEcondltlons (moisture content as low as 7 percent by
! Ix{veight, representing approximately 25 percent saturation

system SITE demonstration, SITE demonstratio . .
results, factors affecting ISEE system performancé,rl laboratory studies) (Lindgren and others 1991).

site characteristics and support requirements, materizf,l1e application of electrokinetics to various types of
handling requirements, technology limitations, Y

potential regulatory requirements, and state aansa_lturated soils, includi_ng clqys and sands, hag b?e“
community acceptance ' studied by numerous investigators.  Electrokinetic

systems apply low-level direct current (DC) on the order
. Section 3, Economic Analysis, discusses estimate®f Milliamperes per square centimeter between electrodes,

costs, issues and assumptions, and the basis for iiis establishing an electrical potential on the order of
economic analysis. volts per centimeter across the electrodes. Electrokinetic

systems are effective as long as the pore water in the soil
« Section 4, Technology Status, discusses thean maintain the electrical potential between the
developmental status of the ISEE system. electrodes (Lindgren and others 1991).

e Section 2, Technology Effectiveness and Applicati

» Section 5, References, lists references used to prepdrkee application of the current to the soil-water system
this ITER. under saturated or unsaturated conditions results in the
following: (1) ionic species in the soil pore water migrate
In addition to these sections, this ITER has an appendiig the oppositely charged electrode (a phenomenon called

Vendor’s Claims for the Technology. electromigration), (2) charged particles in the soil pore
water migrate to the oppositely charged electrode (a

1.3 Background Information on the phenomenon called electrophoresis), (3) bulk water
Demonstration of the SNL ISEE moves toward the cathode (a phenomenon called
System Under the SITE Program electroosmosis), and (4) electrolysis reactions occur at the

electrodes (Hunter 1981). Figure 1-1 is a diagram of these
P_ghenomena. The combination of these phenomena results
gn the movement of ionic contaminants toward the
}ectrodes. The direction and rate of movement will
epend on the charge of the ions (both in terms of
magnitude and polarity), the degree to which the ions

The SNL ISEE system was accepted into the SIT
Demonstration program in Summer 1994. The ISE
system was demonstrated at the U.S. Department §
Energy (DOE) SNL Chemical Waste Landfill (CWL)
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Figure 1-1 Electrokinetic phenomena in a soil pore.

adsorb to the soil particles, and the magnitude of th#.4.1.1 Electromigration
electroosmosis flow velocity. Contaminants arriving at
the electrodes can be removed by extracting the pore watelectromigration represents the transport of ionic species
near the electrodes, electroplating or adsorbing pore fluid across the soil mass under the influence of an
contaminants onto the electrodes, precipitating anelectricfield. These ionic species may include anions such
coprecipitating contaminants at the electrodes, oas CrQ, HAsO,, SeQ, and carbonate complexes of
complexing the contaminants with ion-exchange resingranium and cations such as'CNa', F&*, and F&".
(Mattson and Lindgren 1993).

The electromigration velocity of an ion in a dilute solution
The two most important transport mechanisms ins a function of the electrical ionic mobility of a species
electrokinetic remediation are electromigration andthe ionic transport rate under the voltage gradient). A
electroosmosis. Previous testing does not prove thadrtuosity term can be incorporated into the general ionic
electrophoresis is an efficient transport mechanisrtransport equation to account for the nonlinear path of ion
because the flow of colloid particles requires large portravel in a soil matrix (Shapiro 1990). Equation 1-1
spaces and the colloid particles are likely to becompresents a modified version of the general ionic transport
mechanically lodged in the pore space and taken out efjuation, which is specific for movement under a voltage
suspension. On the other hand, electromigration argtradient.

electroosmosis follow the potential gradient and are ndv
independent of pore size. Electromigration and em:=2: (1-1)
electroosmosis are briefly discussed below. 72 dx

10



where: ! = fluid viscosity (Newton-second per
L. = electromigration velocity (meter per square meter [N-s/ff)
second [m/s]) T tortuosity (dimensionless)

1 = electric ionic mobility (square meter per dV/dx = voltage gradient (V/m)

volt-second [ /V-s])
1 = tortuosity (dimensionless) In general, electromigration is the dominant transport
dvils = voltage gradient (volt per meter [V/m]) mechanism for ions in typical soils. As shown in Figure 1-

1, the charge of the ion determines the electromigration
1.4.1.2 Electroosmosis direction in an electric field, either toward the cathode if

the ion is positively charged or toward the anode if the ion
Most clay minerals have a negatively charged surfacds negatively charged. However, because of a negative
mainly resulting from imperfections in the mineral latticeszeta potential (the electrostatic potential on an imaginary
developing during formation. The excess negative chargairface near the soil particles) of soil particles,
on the soil surface results in the attraction and cluster sluirrounding water has a net positive charge; therefore, the
excess cations to this surface, and the neutrality of chargéctroosmosis or bulk water flow is toward the cathode.
in the pore water is maintained by the respective anionic diherefore, when a contaminant is anionic, electromigration
cationic concentrations of species away from the sodf the contaminant ion is counter to the direction of the
surface. When an electric field is established across tlgectroosmotic water flux. For a cationic contaminant,
soil mass, soil pore water cations close to the soil surfa@gectromigration and electroosmotic transport are in the
move toward the cathode. The movement of these catioeame direction.
and any water molecules closely associated with these
species will result in pore water flow in the same directionBy applying electric current to soil, electrolysis of pore
This pore water flow is due to the voltage gradient and iwater occurs, producing an acid*{tat the anode and a
called electroosmosis. Generally, a wider zone of excegmse (OH at the cathode, which could significantly
cations, also known as the diffuse electrical double layeaffects the chemistry of the soil system during treatment.
results in more electroosmotic flow. The double layer i$f no pH conditioning is used at the electrodes, soil could
defined by the zeta potential, which is the electrostatibave a net acidic characteristic at steady state conditions
potential on an imaginary surface near the soil particlebecause the hydrogen ion has double the mobility of the
This surface is defined by zero shear, meaning that watkydroxyl ions.
particles on this surface are stationary. The zeta potential
depends on the magnitude of the charge density on the sdilsecondary effect of current application to soil during
surface, ionic strength of the pore water, valence of theemediation is an increase in temperature because some of
cation, pH, and permittivity (the ratio of electric flux the electrical energy will be transformed into thermal
density produced by an electric field in water to thaenergy. This heating may affect the remediation process,
produced in vacuum by the same field) of the pore watedepending on whether the electrokinetic system is

operated under constant current or constant voltage
To account for the tortuosity of ion transport in the soikonditions. Under constant current conditions, an increase
pore, the Helmholtz-Smoluchowski equation (Hunteiin pore water temperature will not affect the velocity of
1981), which describes the transport of water in aelectromigration; however, electroosmotic velocity will
electrical field, can be extended to porous media adecrease by 0.4 percent per degree Celsius. Under

presented in Equation 1-2. constant voltage conditions, each degree increase in
temperature will increase the electromigration velocity by
_ idzv (1-2) 3.4 percent and the electroosmotic velocity by 2.1 percent,
€o V1:2 dx and the increase in temperature will decrease the viscosity
of water, thereby also increasing the electroosmotic
where: velocity. The increase in transport mechanism velocity
Ve, = electroosmotic velocity (m/s) with elevated temperatures results in reduction of the time
t = fluid permittivity (Newton-per square required for remediation (Mattson and Lindgren 1994;
volt [N/V?) EPA 1997). System operation under constant voltage
4 = zeta potential (V) conditions is therefore preferred.
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Methodologies are not well established for evaluating 4.4.2.1 Electrode System

site for electrokinetic remediation or for predicting the

associated cleanup level, remediation time, and cost. Tikégure 1-3 shows the electrode layout of the ISEE system
design problem can be addressed in two stages. First,ased during the SITE demonstration. The system
estimate of the total amount of electric current requiredonsisted of an anode row oriented east to west and four
must be made. This estimate will depend not only on th@ws of cathodes parallel to the anode row, two rows north
contaminant mass to be removed but also on the efficieneynd two rows south of the anode row. Two types of
of current usage (in grams of chromium removed petathodes were used during the SITE demonstration:
ampere-hour) or the transference number, which itsetfathodes similar to the anodes, which will be referred to as
depends primarily on the chemical nature of thécathodes,” and simple design cathodes, which will be
contamination. Second, a determination must be made ferred to as “cold finger cathodes” (identified as “CF” if
how the current will be applied over a given time periodhey are standalone or “CFC” if they are adjacent to
(which will determine the grams of chromium removedcathode casings). The treatment zone was determined by
per kilowatt-hour). This determination requires additionathe active portion of these electrodes and extended from 8
physical information about the site, such as thdéo 14 feet below ground surface (bgs). The electrode
contaminant plume geometry, soil resistivity, andsystem’s anodes and cathodes and cold finger cathodes are
expected temperature changes. This information, coupletiscussed below.

with the electrode layout, determines the voltage and

electrical power requirements. Anodes and Cathodes

1.4.2 SNL ISEE System The anodes (A1 through A5) and cathodes (C6 through
C10) used at UCAP were designed to combine

The ISEE system developed by SNL applies electrokinetilectrokinetic and lysimeter technologies.  This

technology to unsaturated soil. The SITE demonstratiofPmbination was necessary to allow the operation of the
of the system took place at the UCAP in Technical Area liBystem under unsaturated soil conditions. Lysimeter
at SNL and targeted the removal of chromate (Qf@om  technology hydraulically and electrically creates a

an area of chromium-contaminated soil that underlies tHeontinuum between the anolyte and the pore water,

pit. The UCAP measures about 15 by 45 feet and is 10 fé@ereby enabling the extraction of the chromate ions in the
deep (SNL 1994). anolyte while the anolyte is held under tension in the

electrode casings through the application of a vacuum.
The ISEE system used for the demonstration was housed . o _
in two buildings: a control trailer and a temporaryAnodes and cathodes were installed in 6-inch-diameter
structure. The control trailer contained the control panel§oreholes (see Figure 1-4C). Boreholes were generally
the power Supp|y, and the data |ogg|ng System_ Th@rl”ed t.O 20 feet ng An apprOXImater 4-inch-thick dry
temporary structure protected electrokinetic technologpentonite plug was installed on top of the borehole sluff,
equipment and personnel and maintained the operatiorgftd cuttings were added to bring the borehole bottom to 15
exclusion zone required during ISEE system operation. feet bgs. The bottom of the borehole was sealed with

bentonite. The electrodes were lowered in the borehole
The ISEE system used for the demonstration shown @nd suspended from the ground surface. A watery slurry
Figure 1-2 consisted of anodes, cathodes, and cold fingekclean native soil was added to the borehole until at least
cathodes that made up the electrode system. Becads#iches above the top of the ceramic part of the electrode
cathodes were used only during the first phase of tHeasing. The annular space above was filled with native soil
demonstration, they are not shown in Figure 1-2. Theuttings to 1 foot bgs. Finally, a bentonite plug was
operation of the ISEE system was regulated by four unit§3stalled to approximately 2 inches bgs and covered to the
a water control system, a vacuum control system, a powgfound surface with native soil. After installation was
supply system, a monitoring system, and ancillangomplete, a vacuum was applied to each electrode to
equipment. Each of these systems is discussed in deté&@move excess water from the slurry.

below.
The anodes and cathodes consisted of two main

components: the electrode casing and the internal

12
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assembly. Figure 1-4A illustrates the electrode casingradient and (2) to function as heat exchangers in case soil
assembly. The electrode casing consisted of two parts: ttemperatures become excessive. As shown in Figure 1-3,
bottom 6 feet (located from 8 to 14 feet bgs) wad6 cold finger cathodes were used during the SITE
constructed of a porous ceramic material, and the top patemonstration of the ISEE system (cold fingers CFC2,
(extending from the ground surface to 8 feet bgs) waSF2, CF7, and CFC7 were not energized during the
constructed of 3-inch-diameter polyvinyl chloride (PVC)demonstration and do not appear in this figure).
pipe. The top part of the electrode casing was
impermeable and nonconductive. The ceramic materi@riginally, cold finger cathodes CF1 through CF10 were
had a pore size of 3 microns, resulting in bubblingonstructed of 5-foot-long, 0.75-inch-diameter copper
pressures of 19 to 28 pounds per square inch (psi). Higiiping. The bottom of the pipe was capped with a copper
bubbling pressure material was an important factor in theap, and the top end was fitted into a 0.75-inch-diameter,
construction of the electrodes. Depending on thechedule 40 PVC pipe extending to the ground surface. An
magnitude of the vacuum applied to the electrode casingsulated copper wire was soldered to the pipe and was
and the pore water tension in soil immediately adjacent torought to the ground surface. After September 24, 1996,
the electrode casing, the pore water could enter the prepare for the final demonstration test, cold finger
electrode casing or water present in the casing could lsathodes CF1, CF3 through CF6 and CF8 through CF10
transferred to the soil. This innovative feature of thevere refurbished. The refurbished design (see Figure 1-
electrodes was derived from lysimeter technology. ThdD) consisted of 0.5-inch-diameter copper pipe extending
design overcame the difficulty of soil drying near theto the ground surface. This pipe was enclosed by the 0.75-
anodes, thus allowing operation of the electrokinetiégnch-diameter PVC piping described above and filled with
process in unsaturated soil for much longer periods thanpbwdered copper. Inside of the 0.5-inch-diameter copper
simple electrodes were implanted in direct contact with thgiping, a 0.375-inch-diameter polyethylene tubing was
soil. Soil drying occurs when electric current is applied taised to recycle cold water to maintain the cold finger
soil between the electrodes, thus causing water flow byathode at a low temperature.
electroosmosis, usually to the cathode. The SNL ISEE
system design allowed soil moisture to be replenishedll cold finger cathodes were installed in holes drilled
through the electrode casing. using the Geoprobe® rig. The diameter of the holes was
1.5 inches, and the depth of installation ranged from 12.5
The ceramic of the anode casings was treated with ta 13.6 feet bgs. These holes were filled with soil slurry to
surfactant to alter the negative zeta potential of thabove the metallic part of the electrode. The cold finger
ceramic, thereby preventing electroosmotic movement afathodes were installed immediately after soil slurry was
water out of the anodes. After the surface was washed wigloured into the holes, and remaining space in the hole was
a 0.1-molar solution of hydrochloric acid, a 0.01-molabackfilled with native materials. The top of the hole was
solution of hexadecyltrimethylammonium bromide wasplugged with bentonite.
purged through the ceramic to form a layer that changed
the effective charge of the surface from negative tdhe construction of cold finger cathodes CFC1 through
positive. CFC5was simple. These cathodes were 6.67 feet long and
constructed of 1-inch-diameter copper pipe. The
The internal assembly of the anodes and cathodesnductive part of the electrode was connected to the
consisted of a drive electrode (see Figure 1-4Bbpottom of0.75-inch-diameter PVC piping extending to the
constructed of iridium-coated titanium for the anodes andround surface.
of copper for the cathodes. The drive electrodes were
connected to the power supply system by insulated wire4.2.2 Water Control System
rated for 600 V DC. Control and monitoring systems also
located inside the electrode casing discussed in thenode and cathode casings were filled with water to about

following sections. 6 inches above the fitting between the ceramic material
and the PVC pipe. The water control system consisted of
Cold Finger Cathodes the water circulation system and the pH control system,

which are described below.
The purpose of the cold finger cathodes was twofold: (1) to
function as active bare electrodes to increase the voltage
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Water Circulation System The pH of pore water in the treatment area was likely to be
influenced by the hydrogen and hydroxyl ions produced at
The purposes of the water circulation system were to (Ihe electrodes from electrolysis. Consequently, the pH of
monitor the chemical condition of water in the electrodehe recycled water was closely monitored and controlled
casings, (2) cool water in the electrode casings, (3) provider each electrode using sensors, transmitters, and
means to sample and remove water from the casings, @ntrollers. The pH controller regulated the operation of a
provide means to regulate water pH, (5) mix anolyte in thehemical feed pump located on top of a 55-gallon
electrode casings, and (6) add potable water (influent) folyethylene drum containing buffer fluid. A 10 percent
the anode and cathode casings to compensate for thedium hydroxide solution was used to control the anolyte
extraction of effluent. pH, and a 20 percent acetic acid solution was used to
control catholyte pH.
The water circulation system was powered by bladder
pumps located in each electrode casing (see Figure 1-2)4.2.3 Vacuum Control System
The screen portion of the pump was located in the
electrode casing sump. Because the bladder pumps stated earlier in this section, the SNL ISEE system uses
operated in a subatmospheric pressure environmelysimeter technology to control the amount of water
because of vacuum applied to the head space of tkelivered to the unsaturated zone. An air compressor
electrode, a liquid ring vacuum pump and an aiprovidedthe compressed air necessary for the operation of
compressor were used to activate the pumps. Thhe vacuum pumps (see Figure 1-2). Compressed air was
recirculation flow rate was about 4 liters per minute (Ldriven through a series of venturis within the vacuum
min). pumps, causing additional air to be drawn through the
venturi system. An added feature of the system was the
Anode and cathode effluent was collected in 55-gallorgbility to purge hydrogen gas produced by electrolysis
closed-top polypropylene drums. Catholyte was extractefdom electrode casing headspace thus eliminating the
only from the cathodes and not from the cold fingedanger of explosion.
cathodes. At 30-minute intervals, the effluent controllerin
the control trailer sent a signal to the air-operated, thre&acuum in the cathode casings was created by three
way-solenoid valve, and recycle flow was redirected to theacuum ejector pumps installed in parallel. Vacuum in the
drums instead being returned to the electrode casings. Taieode casings was created using four vacuum ejector
three-way valve was deactivated after a preset amount pfimps installed in parallel. Rather than directly regulating
water measured by the effluent sensor was extracted fratme vacuum applied to the electrodes, vacuum regulators
the system. Under normal operating conditions, thallowed air to enter the electrodes and dilute oxygen and
amount of water extracted from the system varied from 0.lydrogen gases in the electrode headspace. The regulators
to 0.5 liter per 30 minutes. were generally maintained at a vacuum of 14 inches of
mercury for both the anodes and cathodes.
The water level in the electrode casings was maintained
within a 6-inch interval above the PVC couple joining theThe minimum air purge necessary to maintain hydrogen at
ceramic and PVC casing sections using reed-type flotihe lower explosive limit in the anode casings was

switches. estimated to be 3.3 L/min. The system alarm was setto 3.5
L/min for added safety, and the purge rate was set for 8 L/
pH Control System min to ensure that the hydrogen level was maintained well

below the explosive limit. Air was also purged through the
The pH of water in the ISEE system had to be maintaineththode casings at 2 L/min to dilute oxygen produced by
to ensure proper system operation. High pH values coukdectrolysis.
result in the precipitation of metals and hinder
contaminant transport and removal. To minimize thes&.4.2.4 Power Supply System
effects, the required pH range for the anolyte was 5.5 to 11,
with anideal pH of 8.8. The pH range for the catholyte washe ISEE system electrodes were energized using four 10
3to 11, with an ideal pH of 5.5. kilowatt (kW) power supply units. Each unit was capable
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of a maximum output of 16 amperes (amp) at 600 V Ddogger. Table 1-2 summarizes monitoring system
Each unit was operated independently under constaparameters. The parameters monitored were measured at
voltage conditions. 1-minute intervals, averaged and were recorded over 60-
minute intervals. The monitoring system could shut down
The power units were located in the control trailer, anthe ISEE system and send a problem-specific coded
electric current was delivered to the electrodes bynessage by cellular telephone to two operators if any
underground cables protected by 3-inch-diameter electricalonitored parameters were out of preset tolerance limits.
conduits. Both parallel- and independent-type connections
were equipped with a main manual disconnector that cin addition, when the system was energized, access to the
off power while the system was not in operation. Thexclusion zone was not permitted. Thus, entrance to the
current delivered to each electrode was limited to 15 ampgemporary structure was monitored using a simple switch
by an in-line fuse and was monitored using an isolatetb ensure that the entry door to the temporary structure was
current transmitter by measuring the voltage drop acrossbosed.  Also, effluent barrels and their secondary
20 amp per 100 millivolt shunt. Transmitter output wasontainment were equipped with overflow switches that
processed to determine the current, which was displayesuld signal system shutdown.
on a control panel and recorded by a data logger.
The shutdown system could cut off the power to the
1.4.2.5 Monitoring System electrodes, close influent water valves, de-energize
influent and effluent solenoids, and discontinue the
The operating parameters of the ISEE system wemgumping of pH control solutions. Depending on the type
displayed on the control panel and recorded by a datd alarm that triggered the shutdown, recycle of electrode
water through the recycle board could also be terminated.

Table 1-2. Monitoring System Parameters

Faramreter Measursd Suppor; System Autornatc Shuidown Limns
Sar purg e rate Magu s contral Celew 3.5 Lhnin for catheoes anly
Syslerm
Vataum level “Wacuwr contral Below 1.47 o5
EyStEM
Elsrgede cipsing water Wb <onligl Koz fhan G onghgs gbowe or oalow e
lewe GyeskEm e lewel cantiel ety
Recycle Ao Water conbol Mo recycle Rowr
=ystem
Infuen] aag eMieal rales Watksr conlral Meang
gwsiem
Caoncuct why Weater comtnol Mone
s¥sk=m
Rocypazaz e bermpe-aluie Walar g Irgl Ahnwe &0
sysham
pH Wale g ol Fon cathooes less han & and greealer
systom than * 1, arddor anckdes cessthan 26
and greale-than 1°
Sl Ferripe rabu e Ancillary pquiprnent Ahnve S0 C
“olage nsail Ancillary equ oment Step potental of 10 W
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1.4.2.6 Ancillary Equipment treatment zone. Sixteen of the probes (not shown in Figure
1-3) were installed on electrode casings at the PVC couple

To monitor and control the operation of the ISEE systenhetween the two ceramic pieces that make up the electrode

SNL installed ancillary equipment that providedcasings and 16 were installed between the electrodes as

information on the state of system operation or thashown in Figure 1-3.

provided access to the treated media to influence local soil

conditions (such as devices that altered soil moistureassive Voltage Probes

content). Ancillary equipment included soil moisture

content control devices, neutron hydroprobe and radiBassive voltage probes were used to generate data needed

imaging probe tubes, temperature probes, and passiieprepare electrical potential maps of the demonstration

voltage probes. This equipment is discussed below. site. Twenty passive voltage probes were located on the
electrode casings, and another 12 were installed

Soil Moisture Content Control Devices throughout the demonstration site. These probes consisted
of 50-mesh stainless steel screen squares with an area of

Unsaturated soil conditions were maintained at thabout 2 square inches attached to insulated wires that

demonstration site throughout the operation of the ISEEeached the ground surface. The pieces of mesh were

system. Soil moisture control infiltration wells were attached to 0.75-inch-diameter PVC pipe at a depth of

installed to add water to the sall, if desired. Infiltrationabout 10 feet bgs. Probes were installed using the

wells increased soil moisture content. Fourteen well&eoprobe® rig.

were used prior to the operation of the system under SNL's

preferred operating conditions to add moisture to soil].4.3 [nnovative Features of the

These wells were constructed of 0.5-inch-diameter PVC Technology

piping 11 to 13 feet long. Approximately 20 slots were

lr)nade n t]twehbott_o m9to 12 Inlcftljes p;‘]theplj/\éc pllpe, 6};}? trNﬁetals-contaminated soil can be treated either in situ or ex
otltlom N t. € p;F%Wals;?aﬁ d\.N't a b Eulg' q _”es tu. Common methods for treating soil in situ include
wells were installed in 1.5-Inch-diameter boreholes drilleq i, asion/solidification and vitrification. Promising

using the G_epprobe@ fig. The annular space was fille sults were obtained during testing of other innovative
with 10/20 silica sand in the area of the screen interval anfhstment technologies such as soil flushing. The most

with dry, granular bentonite above this interval. common ex situ treatment technology is soil washing.

Neutron Hydroprobe and Radio Imaging Probe

Treatment of soil in situ using electrical separation/
Tubes

electrokinetic removal under saturated soil conditions has

_ .. _beentested by several vendors. However, the ISEE system
Neutron hydroprobe measurements of soail mO'St“raesigned by SNL focuses on the remediation of
content were taken on a weekly basis using 10 access tuQﬁ'Eaturated soil instead of saturated soil

(see Figure 1-3). Most of the tubes were installed to 39 to
41 feet bgs, and one tube was installed to 31 feet bgs. T

fie innovative feature of the ISEE system is that lysimeter
tubes were installed in 7-inch-diameter boreholes drille 4 y

) ..~ technology is used in the construction of the anodes and
using a ?‘O”OW stem auger. The annular space was fill thodes to hydraulically and electrically create a
using dril cuttings, and the holes were plugged at the ©Ontinuum between the electrolyte and the pore water.
with dry bentonite. The tubes were constructed of 2.

inchdi hreaded PVC pibi he di Sthe electrode fluid is held inside the electrode by an
inch-diameter, threaded PV PIPINg. T e diameter wag plied vacuum, keeping the fluid from saturating soil.
selected to allow access of radio imaging probes used is feature allowed the removal of chromate from

determineverticalconductivityprofilesofsoilbeneaththeimsaturated soil during the demonstration without

UCAP. significantly altering the soil moisture content. The
vacuum control system maintains the vacuum in the anode
electrode, which creates the pressure gradient between the

anode’s porous ceramic casing and the surrounding soil

A total of 32 temperature probes were installed at thﬁecessary to hydraulically control water movement
demonstration site (see Figure 1-2). The temperatue,.  «en the anode casing and the soil

probes were located generally at 11 feet bgs in the

Temperature Probes
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The ISEE system developed by SNL presents thmformation onthe SITE program is available through the
advantage that the structure, volume, and makeup &llowing on-line information clearinghouse: the Vendor
treated soils are not significantly affected by thenformation System for Innovative Treatment Technologies
application of the technology as is the case wit{VISITT) (Hotline: 800-245-4505) database contains
remediation by stabilization/solidification, vitrification, information on 154 technologies offered by 97 developers.
or chemical treatment. The moisture content of the soil is

maintained at levels below saturation, which is not the cadeechnical reports may be obtained by contacting U. S.
with soil flushing or chemical treatment because thesePA/NCEPI, P. O. Box 42419, Cincinnati, Ohio 45242-
technologies use water as the transport medium f@&419, or by calling 800-490-9198.

treatment additives. Table 1-3 compares several in situ

treatment options for soil contaminated with heavy metals.

1.5 Applicable Wastes

The ISEE technology developed by SNL is applicable for
treating unsaturated soil contaminated with hexavalent
chromium. According to SNL, this technology can be
modified to treat saturated contaminated soil and to
remove contaminants dissolved in pore water besides
chromate. Because other anions will compete with the
targeted contaminant ions to be removed, it is necessary to
determine the electrical conductivity of soil pore water and
the target ion concentration to determine the applicability
of the ISEE technology.

1.6 Key Contacts

Additional information about the ISEE system and the
SITE program can be obtained from the following sources:

SNL ISEE System

Dr. Eric R. Lindgren

Sandia National Laboratories

Dept. 6621, MS 0719

P.O. Box 5800

Albuquerque, NM 87185-0719
Telephone No.: (505) 844-3820

Fax No.: (505) 844-0543

E-mail Address: erlindg@sandia.gov

The SITE Program

Mr. Randy Parker

Office of Research and Development

U.S. Environmental Protection Agency

26 West Martin Luther King Drive

Cincinnati, OH 45268

Telephone No.: (513) 569-7271

Fax No.: (513) 569-7571

E-mail address: parker.randy@epamail.epa.gov
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Table 1-3. Comparison of In Situ Treatment Technologies for Metals-Contaminated Soil

Techralogy

Acvartage

L sadwar Ly

SML Im Situ Electrokinetic
Extrasslicr Systiern

Srakilizator'Solidifeation

Wilrihcaban

a0l Fhushing

hdaintzin unaatarated sol
conditicns; soil makeuo nol
sian-ficanily aflacted

Applicable o o de range of
soils hezaves of Aexibility in
design of 20p-apnals
additves and use n” A large
variely of mizing techniques;
BOME CIQANIC Compounds
can be ‘ncorparated in tee
sehdilied maltrix; zelatively
e Cast

Aop cable o complax
wastes lccmbie aticn of
melals and crganics,

Gl ing ecd wastes), alko
anpeable o
NoNNErogenacUs 5ais
cortarning buried cartaners
[hawever, under some
cordiiahs, meal abgacts
wauld skarf-circurt the current
path]. relatively maderate

b o

ApEeable 1o 5o 15 Lontaimng
arganic and incrganic
wasles, relal vely o cost

Currendly testod for the iemoval of
chrarrate frem unsaturazed soil anly,
requires Jispasal of guid was'e
containing hegayzlent chromium as
hazardous wasle; volalik oiganc
cocrmpounds (VR may be sinpped
frern sail and increase sail vapor
cofcertrations and conanirarl
migration relatively high cost, ro
Sarr mersal-soala Sysbarn ayval able

Leanig -termy relaibality nol wall knewn.
careiderably inmreases valume of
wasie, [eachate rom cuting process
may negd o be collectes and dizposed
af as hazardous wasthe

High =qil moisture contert | mits
apphaak by, off-gases (VOTs,
camousiion gases, and s51ear) ne=g 19
br colleslad, pieyence ' buned
rmaterials could start Lneergraund fire
eail characteristice dramatica.ly chanaea
by aops aton of the iechnekgy;
decrease in valume af s4il

Mat apphoabie ta soal with low
permeability; mig-ation of conszmirar.te
o deep 2ones possit: o frem
ingreased rability if ne contrals exist
[Far ezample, a clay layesl =1 mz slare
SanlEnt INGreAases, requires treatmsant of
wa'er recovered after flishing
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Section 2
Technology Effectiveness and Application Analysis

This section addresses the effectiveness and applicabil@ver 4,290 gallons of chromic sulfuric acid solution was
of the ISEE system designed by SNL for treatingdisposed in the UCAP (SNL 1997). During
unsaturated soil contaminated with hexavalent chromiupredemonstration sampling activities, a few soil samples
in the form of chromate. Vendor claims regarding theexhibited high moisture content and pieces of glass plastic
effectiveness and applicability of the ISEE system arevere present in the samples, suggesting that the
included in the appendix. The evaluation of the ISEEseoprobe® sampler penetrated chemical disposal
system’s effectiveness and potential applicability is basecbntainers that have maintained their integrity.

mainly on the demonstration results presented in this

section. This section provides an overview of the ISEProject objectives, the SITE demonstration approach, and
system SITE demonstration and discusses SITBampling and analytical procedures are discussed below.
demonstration results, factors affecting performance, site

characteristics and support requirements, materig. 1.1 Project Objectives
handling requirements, technology limitations, potential

regulatory requirements, and state and communitproject objectives were developed based on EPA's

acceptance. understanding of the SNL ISEE technology, SITE
demonstration program goals, and input from the

2.1 Overview of ISEE System SITE technology developer and the State of New Mexico. The
Demonstration SITE demonstration had one primary objective and two

secondary objectives. The primary objective was

The ISEE system SITE demonstration took place at tHeonsidered critical for the technology evaluation.
UCAP, which is part of the CWL site located within Secondary objectives involved collection of additional
Technical Area Ill at SNL. The UCAP is a rectangular pidata that were useful but not critical to the technology
measuring about 15 by 45 feet and is 10 feet deep. TK¥aluation. The primary objective of the technology
areal extent and depth of the area targeted by tflemonstration was to estimate the amount of hexavalent
demonstration was selected based on the highest result$Bfomium removed from soil by the ISEE system because
water soluble chromium concentrations from samplinghe ISEE system is primarily designed to remove
performed during previous investigations (SNL 1994)! exavalent chromium. To accomplish this objective, SNL
During the demonstration, the system was operated forc@llected and analyzed anolyte samples for hexavalent
period of 2,727 hours between May 15 and November 2ghromium  at its field laboratory throughout the
1997. The area of the demonstration ranged from 36 f¢monstration period. An independent check of field
72 square feet and targeted contaminated soil locatédalytical data was provided by EPA through split sample

between 8 and 14 feet bgs. The configuration of ISEENalysis at an off-site laboratory. Field analytical data
system electrodes is presented in Figure 1-3. were subsequently deemed adequate to estimate the

amount of hexavalent chromium removed from soil by the

The CWL site was used by SNL for chemical disposalSEE system. Predemonstration and postdemonstration
from 1962 to 1985. During this time, chemicals weresOil samples collected by EPA were analyzed for

separated by type and disposed of in separate trenchB§xavalent chromium to verify the hexavalent chromium
removal estimate based on anolyte sample analysis.

22



The secondary objectives of the technology demonstratidburing Phase 1, six tests were conducted in the southern
were to determine whether treated soil meets the toxicityalf of the test grid between the anode row and C6 through
characteristic leaching procedure (TCLP) regulatorfC10. During these tests, SNL identified inefficient
criterion for chromium and to evaluate the ISEE system’slectrodes (A2 and C7) and adjusted the electrical current,
ability to remove trivalent chromium from site soil. electrical power level, and anolyte extraction rate.

To conduct the demonstration, SNL was required to me&uring Phase 2, three tests were conducted in the northern
the conditions of the New Mexico Environmentalhalf of the test grid between the anode row and CFC1
Department’s Resource Conservation and Recovery Adtrough CFC5. During these tests, SNL used the less
(RCRA) Research, Development, and Demonstratioexpensive cold finger cathodes; adjusted the electrical
permit for the ISEE system. Predemonstration testingurrent, electrical power level, and anolyte extraction rate;
results indicated that some of the soil in the demonstraticand operated the infiltration wells to facilitate hexavalent
area is hazardous (EPA waste code DO007) becausbBromium migration toward the middle portion of the test
chromium concentrations exceeded the TCLP criterion fagrid.

chromium. Therefore, the permit required that SNL

perform postdemonstration TCLP testing to determine thBuring Phase 3, one test was conducted in the southern
impact of the ISEE system on soil known to beportion of the northern half of the test grid between the
contaminated. SNL therefore collected a large number @node row and CF1 through CF5. SNL set the operating
treated soil samples for total chromium analysis afteconditions for this test based on results from Phases 1 and
extraction using TCLP. 2.

Because incidental removal of trivalent chromium willDuring Phase 4, one test was conducted in the southern
likely be accomplished by the ISEE system, evaluation dfalf of the test grid between the anode row and CFC6
trivalent chromium removal was a secondary projecthrough CFC10. This test was intended to be a replicate of
objective of this project. To accomplish this objective, th@est 6 during Phase 1 and was conducted to fill
predemonstration and postdemonstration soil samplésformation gaps identified for Test 6.
collected for hexavalent chromium analysis were also
analyzed for total chromium so that the trivalentDuring Phase 5, one test was conducted in the northern
chromium concentrations could be calculated as thgortion of the southern half of the test grid between the
difference between the total and hexavalent chromiuranode row and CF6 through CF10. SNL set the operating
concentrations. conditions for this test based on results from Phases 1, 2,

and 3.
2.1.2 Demonstration Approach

During Phase 6, one definitive test was conducted in the
The ISEE system SITE demonstration system operatidRiddle portion of the test grid between CF1 through CF5
and test plan is detailed in SNL's demonstration plan (SNBNd CF6 through CF10. SNL set the operating conditions
1997). This section summarizes SNL's demonstratiofPr this test based on results from Phases 1, 2, 3, and 5.
p|an_ During the SITE demonstration' 13 tests Wer§NL identified Phase 6 (TeSt 13) conditions as the ISEE
performed during six phases. The test areas ranged fréistem’s preferred operating conditions. ~ Operating
36 to 72 square feet, and contaminated soil from 8 to 1ePnditions during Test 13 are summarized in Table 2-2.
feet bgs was treated. The first 12 tests were conducted SblL operated the ISEE system at the preferred conditions
that SNL could determine the preferred operatindo evaluate system performance and treatment costs.
conditions for Test 13 and to facilitate the migration of
hexavalent chromium toward the central portion of the tes?. 1.3 Sampling and Analytical
area. Test 13 consisted of system performance testing Procedures
under SNL'’s preferred operating conditions for the SITE

demonstration. Table 2-1 summarizes key condition$hree sampling events occurred during the ISEE system
during the 13 tests. SITE demonstration: predemonstration soil sampling,
anolyte (electrolyte from the anodes) sampling during the
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Table 2-2. SNL ISEE System Preferred Operating Conditions

CErating Chandil o
Marametar Al A% el AE
Average Surrant {4) a5 .8 a2 10 3
foperage Jower (kAN (HE Y oAl 0.k4 Os7
Auvevage Bl penl Cetraclinn Rate 0% .25 020 022

[Lhgurt

demonstration, and postdemonstration soil samplindVethod 3060A. These alkaline-digested samples were
From December 1995 through February 1996, SNlanalyzed for hexavalent chromium by colorimetry using
collected predemonstration soil samples from variouSW-846 Method 7196A. These analyses were
depth in boreholes within and near the test areas using adccompanied by analysis of the usual QC samples (method
inch-diameter by 24-inch-long Geoprébearge Bore blanks, matrix spikes, blank spikes, duplicates, and so on)
Sampler. SNL extracted a portion of each sample witto ensure that results were acceptable for use in meeting
water and analyzed the extract for chromium. Additiongproject objectives. The results of these QC analyses are
sample portions were sent to the Quanterra Environmentaicluded in Appendix B of the TER.
Services, Inc. (Quanterra), laboratory in Arvada,
Colorado. Quanterra extracted these soil samples Wuring operation of the ISEE system, SNL collected
TCLP, SW-846 Method 1311, and analyzed the extrac@nolyte samples daily and analyzed them for hexavalent
for total chromium by inductively coupled plasma (ICP)chromium to determine removal. To verify these results,
analysis using SW-846 Method 6010A. TCLP extracEPA obtained anolyte samples from all four operating
results are included in Appendix A of the TER. anodes daily for 8 days. These samples were all sent to
Quanterra for analysis for hexavalent chromium by SW-
In July 1996, EPA selected certain of these soil samples {816 Method 7196A. The relative percent differences
Quanterra analysis to provide information on thebetweenthe SNL and Quanterraresults varied from 0to 20
concentrations of total chromium and of hexavalenpercent
chromium throughout the test area. More samples from
more contaminated areas as determined by SNL’s TCLRfter the demonstration, EPA collected soil samples using
results were selected because these areas are of maim Geoprob&from locations near (within 1 foot laterally
concern. To maximize extraction of hexavalentand 2 inches vertically) from the sampling locations and
chromium, Quanterra dried these soil samples and grousédnt these samples to Quanterra for the same sort of
them in a ceramic-lined ring and puck mill until thepreparation and analyses for hexavalent chromium and
samples could pass through a No. 42 mesh sieve. tAtal chromium conducted during predemonstration
preliminary study found that use of an ordinary steel ringampling. SNL collected a separate series of Geoprobe
mill to grind samples resulted in unacceptablesamples and sent them to Quanterra for TCLP extraction
contamination of the samples with chromium derivedand chromium analysis. All Quanterra and corresponding
from mill material. “Grinder blanks,” clean sand SNL results are included in Appendix A of the TER.
subjected to the pretreatment and analysis, and “sand
blanks,” sand sent directly for analysis, were analyzed 8.2 SITE Demonstration Results
monitor for such problems.
This section summarizes ISEE system SITE demonstration

Quanterra prepared portions of the sieved soil samples ¥sults and discusses its effectiveness in removing
acid digestion using SW-846 Method 3050A and analyzeghromate from contaminated soil.  This section is

them for total chromium using SW-846 Method 6010A.organized according to the project objectives stated in

Quanterra also prepared other portions of the sieved s@kction 2.1.1. Estimated treatment costs are discussed in
samples by alkaline digestion using SW-846section 3.0.

25



2.2.1 Removal of Hexavalent Chromium of each electrode is shown in Figure 2-1, and the
from Site Soil hexavalent chromium removal rate of each electrode is

shown in Figure 2-2.

The primary objective of the ISEE system SITE

demonstration was to estimate the amount of hexavale lent ch ) | effici f de 4
chromium removed from soil by the system. The mass xavaient chromium removai efliciency for anode = was

hexavalent chromium removed was to be determinedfror‘?’PprOXimate'y 0.189 g/kw-h, Whi.ch is. considerably
the amount of hexavalent chromium in the anolyte. Irplgher than the average removal efficiencies for the other

I SNL perf d dail l d lvsi ree anodes (anodes 1, 3, and 5), which ranged from about
genera PErpImes daly samping and analysis 03:087 to about 0.111 g/kW-h. Hexavalent chromium

the anolyte throughout the demonstration. For each test,
y g ??moval rates were low for anodes 1 and 3 (0.040 and

er data outliers were eliminated, the average

SNL anolyte results were used to determine the tot ) .
amount of hexavalent chromium removed and th .057 g/hour, respectively) and higher for anodes 4 and 5

system’s overall removal rate and removal efficiency:
These results are summarized in Table 2-3.

0.110 and 0.079 g/hour respectively).

Verification of the total mass of hexavalent chromium

As mentioned before, 13 tests were performed in si xtracteq by the ISEE system was supposed to be prov.ided
phases during the demonstration. The first 12 test ythe difference between average hexavalent chromium

performed between May 15 and October 18, 1996 Welré)ncentrations in soil before and after the demonstration.
used by SNL to determine the system’,s pref’erre(lj:igure 2-3 presents the spatial distribution of hexavalent

operating conditions. Test 13 was performed betwee romium concentrations at the 2-foot depth intervals
October 21 and Novémber 24,1996, to determine syste aracterized by the samples collected before and after the
performance and operating cc;sts ’ emonstration. These results can be summarized as

follows:

Approximately 520 grams (g) of hexavalent chromium

were removed during the entire demonstration. Overall
hexavalent chromium removal rates varied from 0.074
gram per hour (g/hour) during Test 1 to 0.338 g/hour
during Test 5. Overall hexavalent chromium removal

efficiencies varied from 0.0359 gram per kilowatt-hour (g/ ,
kW-h) during Test 7 to 0.136 g/kW-h during Test 13.

Downtime during system operation ranged from O percent
during Test 11 to 66 percent during Test 1.

Predemonstration samples contained hexavalent
chromium concentrations ranging from below the
detection limit of 0.4 milligram per kilogram (mg/kg)

to 6,890 mg/kg.

Postdemonstration samples contained hexavalent
chromium concentrations from below the detection
limit of 0.4 mg/kg to 4,730 mg/kg.

) o » Of the 48 locations sampled both before and after the
Test 13 results showed increased efficiency of hexavalent yemonstration 21  locations contained

chromium removal compared to previous test results. The postdemonstration hexavalent chromium concen-
system configuration during Test 13 was representative of r5tions that exceeded predemonstration
the configuration of a full-scale remediation system, with  -ncentrations.

cold finger cathodes placed symmetrically outward from a

central anode row. Consequently, a more detailed analysi¢edemonstration and postdemonstration hexavalent
was performed for Test 13 to determine the hexavaleghromium concentrations in soil and their distributions
chromium removal efficiency and rate of each electrode ifyere not suitable for any method of calculation of the total
addition to overall system performance. The data set us@éhss of hexavalent chromium in soil. A statistical
for this analysis was culled from Test 13 data to e|iminatgummary of analytical results for hexavalent and total
data points not representative of the system performanashromium is presented in Table 2-4. No trend was
For example, data points not representative of steady-stagntified in the removal of hexavalent chromium from
operation of the system, such as during the pumping out 6il. In many cases, the standard derivation exceeded
electrode effluent, were eliminated, as were data pointgverage concentrations.  Soil results for hexavalent
measured within 6 hours or less because the system wgsromium possibly exhibited high spatial variability
shut off for some reason and had to be restarted aftgisulting from (1) the nonhomogeneous distribution of
servicing. The hexavalent chromium removal efficiencychromate concentrations in soil before the demonstration
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Figure 2-1 Hexavalent chromium removal efficiency per electrode for Test 13.
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Figure 2-3. Spatial distribution of haxavalent chromium concentrations in soil.
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Figure 2-3. Spatial distribution of hexavalent chromium concentrations in soil (continued).
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Table 2-4. Statistical Summary of Hexavalent and Total Chromium Analytical Results

Sarphag Depth
Parameter B feat D05 B toel bygs 10 faet bgs 12 feet bos
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Mamber af Dala Poinis 2 T 11 14 11 13 Q 12
Average Concertralion - SE3 371 215 16EZ  1.808 JOE TZE
ymg'kal

Slardard Bewatic - TE3 G20 150 2,226 1 nk8 ] 141
ing'kg)
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Murnber of Data Poants 2 r 11 14 11 13 g 12
fverage Conceniration - B1& 1,202 1,643 £°05 &.1449 314 1.690
(kg

Slandard Devialian - fid & 1,506 1,865 7 BARG d BZ5 =40 1753
[tk
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irngikg)
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|:.'11g.'hg:|
Tatal Chromium
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and (2) the fact that the demonstration was terminated Postdemonstration samples contained total chromium
before chromate removal was completed. In addition, concentrations ranging from 8.2 to 16,200 mg/kg.
limited data appear to indicate that contaminants had

likely migrated from areas outside of and near the* Of the 48 locations sampled both before and after the
treatment area (see Figure 2-3). Thus, a determination of demonstration, 31 locations  contained
the mass of hexavalent chromium removed based on soil Postdemonstration trivalent chromium concentrations
sampling results was not possible. Total chromium results that exceeded predemonstration concentrations.

are summarized and discussed in Section 2.2.3. ] ] )
In general, the ratio of trivalent to total chromium

concentrations ranged from 7.6 to 94.9 percent in
predemonstration samples and from 27.6 to 99.6 percentin
postdemonstration samples.  This large variability

precluded the calculation of the trivalent chromium mass

In order to meet the RCRA Research, Development, andmoved as originally intended because it would have
Demonstration permit for the ISEE system (see Sectiofyther increased the data uncertainty. The increase in
2.1.1), SNL collected predemonstration andgta| chromium concentrations at certain locations after
postdemonstration soil samples and analyzed them fgfe Jemonstration could have resulted from the migration
total chromium in TCLP leachate. Figure 2-4 presents th§ chromium in the treatment area in addition to the
spatial distribution of TCLP chromium results for soiljyherent variabilities of the test areas. Therefore, no

samples collected before and after the demonstratiiynciusion was drawn regarding the ISEE system’s ability
about 8 to 14 feet bgs. The results shown in Figure 2 remove trivalent chromium.

represent 2-foot depth interval from the referenced depth.
For example, the 12 feet bgs sample corresponds to S@'I
from 12 to 14 feet bgs. ’

2.2.2 Compliance with TCLP Regulatory
Criterion for Total Chromium

2.4 Operating Problems

i‘|’he ISEE system’s operation was observed during the

As shown in Figure 2-4, of the 43 predemonstration so emonstration, and the problems and their resolutions
samples analyzed by TCLP, 18 exceeded the TCLP Iimﬂ : P

of 5 milligrams per liter (mg/L) of total chromium at were recorded by SNL personnel. The demonstration

concentrations ranging from 5.6 to 103 mg/L, with alasted over approximately 4,230 hours.

median concentration of 15.4 mg/L. PostdemonstratioxPhe system was not operable for 36 percent of the time
results indicate that 18 out of 35 soil samples exceeded tt}%ble 5.5 presents the reasons for the shutdowns and tHe
TCLP regulatory criterion for chromium at concentrations P

. . . . Percentages of shutdown times relative to the entire
ranging from 6 to 67 mg/L, with a median concentration of . fthe d . ddit h
20.4 mgL. uration of the demonstration. In addition, the system was

not energized for 3 percent of the time (approximately 140
hours) to perform anolyte sampling and soil moisture

2.2.3 Removal of Trivalent Chromium measurements using the neutron hydroprobe.

from Site Soil

_ . _ - 2.3 Factors Affecting Performance
Trivalent chromium concentrations were to be determined
by calculating the difference between total and hexavaletyctors affecting performance of the ISEE system include
chromium concentrations. Figure 2-5 presents the spatil) waste characteristics, (2) operating parameters, and (3)

distribution of total chromium concentrations in maintenance requirements. These factors are discussed
predemonstration and postdemonstration soil samples. s |ow.

statistical summary of total chromium concentrations in

soil samples is presented in Table 2-4. Total chromiurQ 3.1 Waste Characteristics
sampling results can be summarized as follows: o

. : . The ISEE system is applicable to treatment of soll

» Predemonstration samples contained total chromium . . ;

) . contaminated with hexavalent chromium under unsaturated
concentrations ranging from 7.7 to 26,800 mg/kg.
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Figure 2-5. Spatial distribution of total chromium concentrations in soil.
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Table 2-5. System Shutdown Information

Feroent of System

Heasah ‘e Systen Shutdown Shutdewrn Time
Intenticnal shutdown la per'crm mamtznance and medifizaticns to the systemr 2
Frzblems related b g ecticde water (Such 2% Llacder pomps, Foal seitchées, and ¥
chiller leakage)
Power supply Rilvres ang problems q
pH cantral sys:em prok.ams i
Diala Ioguer preblens 2
Tatal 38

conditions as demonstrated at the UCAP. According t@eatment goals. Limited experimental data are currently
SNL, the ISEE system is also applicable to treatment Gfyailable to define the behavior of the ISEE system used to
soil contaminated with anionic, heavy metals if the metalemediate contaminated soils under unsaturated conditions.
anions are water soluble. Water soluble anions such gxperimental data are critical because soil electrochemistry

CrO4, HAsO4, and SeO#4 are potential target jscomplex and because of the nonlinear interdependence
contaminants for the ISEE system. of the parameters.

The system has no absolute lower concentration limit tPaboratory testing was performed by SNL to evaluate the
which it can treat contaminants unless the systemgfluence of soil moisture on the efficiency of
contaminant removal efficiency indicates otherwiseglectrokinetic technology applied to unsaturated soils
therefore, the system’s contaminant removal efficiencyinder constant current conditions. Experimental results
needs to be determined on a site-by-site basis (Tetra Tegh UCAP soil show that near saturation, electromigration
1997). According to SNL, the technology is applicable tq/elocity increases as soil moisture content decreases.
any type of soil except gravel. Buried metal objectsowever, at lower moisture content, the nonlinear effect
however, can short circuit the path of electric currengf tortuosity dominates and the electromigration velocity
through the soil (Tetra Tech 1997). decreases sharply as moisture content decreases. Also, for
the UCAP soil, experiments show that electromigration
The presence of dissolved VOCs in general in the poignd thus remediation ceases at a moisture content of 3.5
water does not affect system performance. However, thercent by weight because of the loss of pore water
application of electric current may transport dissolve@onnectivity (Lindgren and others 1991). The minimum
VOCs through electroosmosis toward the cathode, whergpisture content required for the operation of the
they could enter the cathode casing. Inthe casing, vacullectrokinetic technology needs to be determined on a site-
applied would strip VOCs from the solution. Theseby_site basis.
emissions need to be collected and treated as necessary.

According to SNL, during the early stages ofa secondary factor that affects the performance of an
demonstration, air monitoring done at the cathode casingectrokinetic extraction system is soil temperature.
did not show the presence of VOCs above 150 parts pghermal effects on saturated soil were studied at the
billion. However, the VOC levels significantly increased|aporatory scale. If the system is operated under constant
in the soil vapor when the soil temperature was about 3Q;rrent conditions, pore water temperature will increase,
°C. The use of cold finger cathodes that do not have @Rereby slightly decreasing electroosmotic velocity but

exhaust eliminated VOC emissions to atmosphere.  not affecting electromigration velocity (Mattson and
) Lindgren 1994). However, under constant voltage
2.3.2 Operating Parameters conditions, increased soil temperature will increase

electromigration velocity, which could result in reduced
Operating parameters can be varied during the treatmemmediation times (Mattson and Lindgren 1994; Krause
process to achieve desired contaminant removal arahd Tarman 1995). However, during the SITE
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demonstration of the ISEE system, the tests performed didnditions occur mainly during the night. A temporary
not directly target the evaluation of the system’sstructure was installed during the demonstration to protect
performance based on the variation of operatinghe ISEE system and personnel from the weather and also
parameters. Consequently, operating parameter effedts provide an exclusion zone when electrodes were
were confounded and could not be dissociated. energized. The data logger, control panels, and analytical
equipment were housed in the control trailer.
2.3.3 Maintenance Requirements
If the ISEE system is used outdoors in a cold climate,
Maintenance of a full-scale ISEE system is estimated trovisions should be made for insulating exposed portions
require 8 hours weekly. This estimate is based on tHf the water control system to prevent freezing. In
assumption that the design of parts of the system thagldition, equipment such as chillers should be designed
caused frequent shutdowns during the SITE demonstratiof! outdoor use.
such as bladders and float switches, would be modified to

eliminate problems. 2.4.3 Ultility and Supply Requirements
2.4  Site Characteristics and Support The ISEE system demonstrated at UCAP was powered by
Requirements four 10-kW power supply units. The units were capable of

operating independently or in parallel. When connected in
eparallel, the maximum output was 64 amps at 600 V DC.
ccording to SNL, a three-phase, 230-V, 150-kW power
ply is necessary to operate a full-scale ISEE system.

Site-specific factors can impact the application of th
ISEE system. These factors should therefore be
considered before the system is selected for remediationBfP

a specific site. Site-specific factors addressed in thi .
section include site access, area, and preparatié?}{ater Is also necessary to operate the system. SNL

requirements; climate requirements: utility and supplfsnmates that for a full-scale system of 30 electrodes, a

requirements; support system requirements; and personr%am'ty of 360 L of water per day is required. Water could
requirements. be obtained from a permanent source of potable water or

stored in water tanks on site. In addition, water for

. . decontamination activities is required as needed.

2.4.1 Site Access, Area, and Preparation a
Requirements The monitoring system requires connection to a telephone

line or cellular telephone to download data to an off-site

The site must be prepared for the mobilization, O&M, an@omputer and to transmit signals that the system has been
demobilization of the equipment. Access roads arghut down to maintenance personnel.

necessary for equipment transport. The site must be
accessible to equipment necessary to install electrodes apd; 4 Support System Requirements
ancillary equipment, such as Geoprobe® and drill rigs.
The air space in the equipment installation area must

. lﬁeeveral surveys are required to determine if the site is
clear of obstacles (such as overhead wires). y d

appropriate for electrokinetic treatment. Electromagnetic

and magnetic surveys are necessary to determine if large

In adqlltlon to the treatment area and correspondln,g)eta”ic objects are buried in soil. These objects could
exclusion zone, enough space should be available K

d h L trailer. h d Port circuit the current in the soil, thus significantly
accommodate the control trailer, hazardous waste StOraggcreasing the efficiency of the remediation process. Soil
area, water tanks, and supply storage. This additional a

. . d ire 8.800 ; r(‘?é?‘ﬂductivity and soil moisture are also critical to
Is estimated to require 8, square feet. application of the electrokinetic technology; therefore,

i i surveys to determine these parameters for soil to be treated
2.4.2 Climate Requirements are also required.

The demonstration took place in Albuquerque, New|so, remediation progresses, anolyte containing chromate

Mexico, a semi-arid region. The average wintelisremoved. This effluent stream is a hazardous waste and

temperature is about 50 °F (10 °C), and freezingeeds to be handled, stored, and disposed of in accordance
with applicable regulations.
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2.4.5 Personnel Requirements their acceptability for disposal or release to a treatment
facility.

Based on the design of the ISEE system, which can

transmit system information off site, no personnel ar@.6 ~ Technology Limitations

required to be present on site for system operation. The

system is equipped with a CR7 data logger that monitoRrior to implementing electrokinetic remediation at a

system parameters and can shut down the system (suctspecific site, field and laboratory screening tests should be

by cutting off power to the electrodes and terminating theonducted to determine if the site is amenable to this

water supply). The data logger consequently sendstachnology. Field conductivity surveys are necessary to

coded signal to the system operator that identifies théetermine the soil’s electrical conductivity. Also, buried

problem. Technical service personnel should be availabteetallic objects and utility lines could short circuit the

on an as-needed basis to remediate any problems. current path, thereby influencing the voltage gradient and
affecting the contaminant extraction rate. Electromagnetic

Periodic visits to the site are necessary for activities sugurveys should be conducted to determine the presence of

as collection of anolyte samples, replacement of fulburied metallic objects.

effluent barrels, addition of sodium hydroxide to the pH

control barrels, and soil moisture measurement usinigp addition, if VOCs are present in soil undergoing

neutron hydroprobes. The involvement of a chemist oglectrokinetic treatment, the VOCs may be stripped from

technician is also periodically required for chromatehe soil to significantly increase the soil vapor VOC

analysis of anolyte samples collected. According to theoncentrations that would result in significant VOC

vendor, maintenance and routine sampling and analysisigration from the treatment area, if soil temperature

activities for a full-scale system should require the on-sitexceeds 50 °C. Special measures therefore need to be

presence of a technician for 8 hours a week. taken to contain and control VOC emissions.

Before operating the ISEE system at a hazardous was®e7  Potential Regulatory Requirements

site, the technician should have completed training

requirements under the Occupational Safety and Healtfhis section discusses regulatory requirements relevant to
Act (OSHA) outlined in Title 29 of the Code of Federalyse of the ISEE system at Superfund RCRA corrective
Regulations (40 CFR), Part 1910.120, which covergction sites. Regulations applicable to implementation of
hazardous waste operations and emergency response. g system depend on site-specific remediation logistics
operator should also participate in a medical monitoringnd the type of contaminated soil being treated; therefore,

program as specified by OSHA. this section presents a general overview of the types of
_ _ _ federal regulations that may apply under various
2.5 Material Handling Requirements conditions. State requirements should also be considered,

but because these requirements vary from state to state,
The only waste stream produced during the remediation tiey are not discussed in detail in this section. Table 2-6
soil using the SNL ISEE system is effluent containingsummarizes the regulations discussed below. These
chromate extracted from the anode casings, which isragulations include the Comprehensive Environmental
hazardous waste. In addition, decontamination activitieResponse, Compensation, and Liability Act (CERCLA);
(such as decontamination of the Geoprobe®) could alRCRA; the Clean Air Act (CAA); Toxic Substances
produce hazardous wastes. If the ISEE system is appli€bntrol Act (TSCA); Atomic Energy Act (AEA) and
to soil that contains VOCs, VOCs would be stripped frorRCRA for mixed wastes; and OSHA requirements.
the soil matrix because of heating that occurs when current
is passed through the soil. Treatment area should 7. 1 Comprehensive Environmental
monitored for VOC air emissions to evaluate if special Response, Compensation, and

controls are needed. Liability Act

In addition, a site plan is required to provide for personn

e :
protection and special handling measures. Wastes neeagi RCLA authonzgs the federal government to respond to
be appropriately stored until sampling results indicatke'eases or_potent|al releases of any hazardous substance
into the environment, as well as to releases of pollutants or
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contaminants that may present an imminent or significaractions taken on site, and justification for the waiver must
danger to public health and welfare or the environment.be clearly demonstrated.

As part of the requirements of CERCLA, EPA hasCERCLA requires identification and consideration of

prepared the National Oil and Hazardous Substancesvironmental laws that are ARARs applicable to site

Contingency Plan (NCP) for hazardous substanceemediation before implementation of a remedial

response. The NCP is codified in 40 CFR, Part 300, artdchnology at a Superfund site. Additional regulations

delineates the methods and criteria used to determine tpertinent to use of the ISEE system are discussed below.

appropriate extent of removal and cleanup of hazardoldo direct water discharges are generated by the ISEE

waste contamination. treatment process; therefore, only regulations addressing
anolyte characterization and disposal, potential fugitive

The Superfund Amendments and Reauthorization Adir emissions from VOCs stripped from soil, and

(SARA) amended CERCLA and directed EPA to do thexdditional considerations are discussed below.

following:

_ _ 2.7.2 Resource Conservation and
. U'se' 'remedlal alternatives that pgrmanently_ _and Recovery Act
significantly reduce the volume, toxicity, or mobility

of hazardous substances, pollutants, or contaminanﬁCRA an amendment to the Solid Waste Disposal Act

» Select remedial actions that protect human health arﬁﬁas passed in 1976 to address the problem of ho_w o safely
the environment, are cost-effective, and involvel SPOS€ of the enormous volume of municipal and

permanent solutions and alternative treatment Olpdus_t_rlal solid wastes g_ener_a_ted_ annually. ~ RCRA
resource recovery technologies to the maximun?pec'f'ca”y addressed the identification and management
extent possible of hazardous wastes. The Hazardous and Solid Waste

Amendments of 1984 greatly expanded the scope and

- Avoid off-site transport and disposal of untreated€duirements of RCRA.

hazardous substances or contaminated materials when

practicable treatment technologies exist (Sectio]n® presence of RCRA-defined hazardous waste
121(b)) determines whether RCRA regulations apply to the SNL

ISEE system. If soil or anode effluent are determined to be

In general, two types of responses are possible undefzardous waste as defined by RCRA, all RCRA

CERCLA: removal and remedial actions. The SNL ISEEequirements regarding the management and disposal of
system is likely to be part of a CERCLA remedial actionhazardous wastes will need to be addressed. RCRA
Nine general criteria that must be addressed by CERCL#&gulations define hazardous wastes and regulate their

remedial actions are listed in Table ES-1 of the Executivisansport, treatment, storage, and disposal. ~Wastes
Summary. defined as hazardous under RCRA include characteristic

and listed wastes. Ciriteria for identifying characteristic

On-site remedial actions must comply with federal andtazardous wastes are included in 40 CFR, Part 261,
more stringent state ARARs. ARARSs are determined ongubpart C. Listed wastes from nonspecific and specific
site-by-site basis and may be waived under six condition#idustrial sources, off-specification products, spill
(1) the action is an interim measure and the ARAR will b&leanups, and other industrial sources are discussed in 40
met upon remedial action completion, (2) compliancéFR, Part 261, Subpart D.

with the ARAR would pose a greater risk to human health

and the environment than noncompliance, (3)it igreatment, storage, or disposal of hazardous waste
technically impractical to meet the ARAR, (4)thetypically requires issuance of a RCRA Part B treatment,
standard of performance of an ARAR can be met by agtorage, or disposal permit. At Superfund sites, the on-site
equivalent method, (5) a state ARAR has not beeffeatment, storage, or disposal of hazardous waste must
consistently applied elsewhere, and (6) ARAR complianceet the substantive requirements of a treatment, storage,
would not provide a balance between the protectiofr disposal permit. RCRA administrative requirements
achieved at a particular site and demands on Superfund fstich as reporting and recordkeeping), however, are not
other sites. These waiver options apply only to Superfun@pplicable to on-site actions.
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A Uniform Hazardous Waste Manifest or its statestorage, and disposal facilities comply with primary and
counterpart must accompany off-site shipment ofecondary ambient air quality standards. Air emissions
hazardous waste, and transport must comply with U.$om the ISEE system may result from VOCs from the
Department of Transportation hazardous waste packagingacuum exhaust system and fugitive emissions such as
labeling, and transportation regulations. The receivindrilling activities related to system installation (VOC or
treatment, storage, or disposal facility must be permittedust emissions), periodic sampling efforts, and the staging
and in compliance with RCRA standards. and storing of contaminated drill cuttings. VOC emission
control equipment should be provided to reduce
RCRA federal land disposal restrictions (LDR) in 40 CFRemissions, if the ISEE system is applied to soils that
Part 268, preclude the land disposal of hazardous wastentain VOCs. Soil moisture should be managed during
that fails to meet stipulated technology or treatmensystem installation to prevent or minimize impacts from
standards. In situ treatment of media contaminated wittugitive emissions. State air quality standards may require
hazardous waste does not trigger LDRs for soil oadditional measures to prevent fugitive emissions.
groundwater remaining in place. Consequently, soail
treated in situ by the ISEE system does not have to megt7.4 Toxic Substances Control Act
LDRs but may have to meet other criteria in order to
remain in place. Soil or groundwater removed and treaterhe disposal of PCBs is regulated under Section 6(e) of
must meet LDRs prior to replacement. For the anolytefScA.  PCB treatment and disposal regulations are
this requirement means that treatment must reduce t@scribed in 40 CFR, Part 761. Materials containing PCBs
concentrations of contaminants that make the anolytg concentrations of 50 to 500 parts per million (ppm) can
hazardous and all other LDR-triggering contaminants t@jther be disposed of in TSCA-permitted landfills or
levels specified in 40 CFR, Part 268, before the anolyte cafestroyed by incineration at a TSCA-approved incinerator;

be land disposed. The technology or treatment standargs pCB concentrations exceeding 500 ppm, the material
applicable to residuals produced by the SNL ISEE systemyst be incinerated.

are determined by the type and characteristics of

hazardous waste present in the soil being remediated. d$tes where spills of PCBs have occurred after May 4,
some cases, variances from LDRs can be obtained fropg7, must be addressed under the PCB spill cleanup
EPA. policy in 40 CFR Part 761, Subpart G. This policy applies
to spills of materials containing 50 ppm or more of PCBs
Requirements for corrective action at RCRA-regulate@nd establishes cleanup protocols for addressing such
facilities are provided in 40 CFR, Part 264, Subparts feleases based on the volume and concentration of the
(promulgated) and S (proposed). These subparts alggjlled material. PCBs were not anticipated to be present

generally apply to remediation at Superfund sitesat the demonstration site; therefore, no analysis for PCBS
Subparts F and S include requirements for initiating angjas performed.

conducting RCRA corrective actions, remediating

groundwater, and ensuring that corrective actions comply 7 5 Atomic Energy Act and Resource

with other environmental regulations. Subpart S also .
details conditions under which particular RCRA Conservation and Recovery Act

requirements can be waived for temporary treatment units _ : :
operating at corrective action sites. ~ Thus, RCRAAS defined by the AEA and RCRA, mixed waste contains

mandates requirements similar to CERCLA and aQoth radioactive and hazardous components. Such waste

proposed allows treatment units such as the ISEE syst ESUbjeCt to the requirgm(_ents of both the AEA and RCRA,;
to operate without the full set of permits. owever, when application of both AEA and RCRA

regulations results in a situation inconsistent with the AEA
; (for example, an increased likelihood of radioactive
2.7.3 Clean Air Act exposure), AEA requirements supersede RCRA

. _ requirements (EPA 1988). Use of the ISEE system at sites
The CAA as amended in 1990 regulates stationary a ith radioactive contamination might involve treatment or

mobile sources of air emissions. CAA regulations ar eneration of mixed waste.
generally implemented through combined federal, state,
and local programs. The CAA requires that treatment,
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OSWER, in conjunction with the Nuclear Regulatoryacceptance of the technology may involve consideration
Commission, has issued several directives to assist in tbé performance data from applications such as the SITE
identification, treatment, and disposal of low-leveldemonstration and results from on-site, pilot-scale studies
radioactive mixed waste. Various OSWER directivesising the actual wastes to be treated during later, full-scale
include guidance on defining, identifying, and disposingemediation.

of commercial, mixed, low-level radioactive and

hazardous wastes (EPA 1987). If the ISEE system is used

to treat low-level mixed waste, these directives should be

considered. If high-level mixed waste or transuranic

mixed waste is treated, internal DOE orders should be

considered when developing a protective remedy (DOE

1988b).

2.7.6 Occupational Safety and Health
Administration Requirements

OSHA regulations in 29 CFR, Parts 1900 through 1926,
are designed to protect worker health and safety. Both
Superfund and RCRA corrective actions must meet OSHA
requirements, particularly Part 1910.120, “Hazardous
Waste Operations and Emergency Response.” Part 1926,
“Safety and Health Regulations for Construction,” applies
to any on-site construction activities. For example,
electric utility hookups for the ISEE system must comply
with Part 1926, Subpart K, “Electrical.” Product
chemicals such as NaOH used with the ISEE system must
be managed in accordance with OSHA requirements (for
example, Part 1926, Subpart D, “Occupational Health and
Environmental Controls,” and Subpart H, “Materials
Handling, Storage, and Disposal”’). More stringent state or
local requirements must also be met, if applicable. In
addition, health and safety plans for site remediations
should address chemicals of concern and include
monitoring practices to ensure that worker health and
safety are maintained.

2.8 State and Community Acceptance

Because few applications of the SNL ISEE system have
been attempted beyond the bench- or pilot-scale, limited
information is available to assess state and community
acceptance of the system. The fact that the ISEE system
allows in situ remediation of contaminated soils should
improve the potential for community acceptance because
excavation of contaminated soil often releases volatile
contaminants. Although some contaminants may be
released during electrode and ancillary equipment
installation, the potential for emissions during drilling is
substantially lower than during excavation.  State
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Section 3
Economic Analysis

3.1 Introduction depth, initial contaminant concentration, final target
contaminant concentration, soil characteristics, online

The primary purpose of this economic analysis is t@ercentage of system operation, hexavalent chromium
provide a cost estimate (not including profit) for using théemoval rate, and hexavalent chromium removal
SNL ISEE system to commercially remediate unsaturate@fficiency. This economic analysis assumes that the SNL
soils contaminated with hexavalent chromium. ThidSEE system will remediate unsaturated soils with the
analysis is based on the assumptions and costs providedd®ne characteristics as soil at the UCAP site.

SNL and on the results and experiences gained from the

SITE demonstration conducted over a 6-month period &uring Test 13 of the SITE demonstration, the ISEE
SNL's UCAP. During the SITE demonstration, 13 test$ystem treated a volume of approximately 16 cubic yards
were performed during six phases. The first 12 tests wef¥d®) of soil contaminated with hexavalent chromium.
conducted so that SNL could determine preferred ISEEhIs volume is based on the assumption that the effective
system operating conditions for Test 13 and to facilitaté€atment depth is 6 feet, the treatment area width is 6 feet,
the migration of hexavalent chromium toward the centrand the treatment area length is 12 feet. During Test 13,
portion of the test area. Therefore, this cost estimate $9il was treated for over 700 hours from October 21 to
based on the preferred operating conditions documenté&pvember 24, 1996. SITE demonstration results are
during Test 13. Test 13 targeted a central portion of tHiresented in Section 2 of this report.

demonstration area, utilizing four anodes and eight cold
finger cathodes. Treatment costs were estimated for using the Test 13 ISEE

system configuration to treat 16%af soil and remove 200

Economic calculations were performed for the SITEY of hexavalent chromium (the approximate mass of
demonstration Test 13 treatment area, treatment depttexavalent chromium removed during Test 13).
and operating parameters. SNL anticipates that the cost
for operating the small-scale ISEE system used durin@stimated treatment costs, issues and assumptions, and the
Test 13 will be significantly higher than the cost forbasis for the economic analysis are discussed below.
operating a full-scale, commercialized ISEE system. SNL
states that a full-scale, commercialized system would b8.2  Issues and Assumptions
designed with significant improvements over the system
operated during the demonstration. However, SNL haBhe cost estimates presented in this economic analysis are
not yet completed the design. Therefore, it is not possiblepresentative of charges typically assessed to the client by
to prepare a cost estimate for operating the full-scale ISBEe vendor but do not include profit. In general,
system. When the technology is ready forassumptions are based on information provided by the
commercialization, further economic analysis should béeveloper and on observations during this and other SITE
performed to obtain the costs of operating the systemwvaluation projects.
during a site remediation.

Many actual or potential costs are not included as part of
A number of factors affect the cost of treatment. Thestis cost estimate. They were omitted because site-
include, but are not limited to, treatment area, treatmerspecific engineering designs that are beyond the scope of
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this SITE project would be required.
functions were assumed to be the obligation of the

Also, certain3.3

Basis for Economic Analysis

responsible party or site owner and therefore are nqto compare the cost effectiveness technologies evaluated

included. These costs are site-specific. Thus, calculatioggder the SITE program, EPA breaks down costs into the
are left to the reader so that relevant information may b@|iowing 12 categories (Evans 1993):

obtained for specific cases. Whenever possible,
applicable information is provided on these costs so that
the reader can independently complete the calculations
required to calculate relevant economic data. .

Other important assumptions regarding operating®
conditions and task responsibilities that could significantly
alter the cost estimate are discussed below. *
* The site has been adequately characterized durin(j

previous investigations.

+ Treatability studies or pilot-scale studies have already,
been performed.

* The site has suitable access roads.

» The site has electrical supply lines, telephone lines or
cellular telephone service, and potable water.

* Hexavalent chromium is being removed from
unsaturated soil similar to UCAP soil. .

» Based on Test 13 results, the ISEE system will on,
average remove hexavalent chromium at a rate of 0.29

Site and facility preparation costs
Permitting and regulatory costs
Equipment costs

Startup and fixed costs

Labor costs

Supplies and consumables costs
Utilities costs

Effluent treatment and disposal costs

Residuals and waste shipping, handling, and transport
costs

Analytical costs
Facility modification, repair, and replacement costs

Site restoration costs

g/hour, with an overall removal efficiency of 0.14 g of These 12 cost categories reflect typical cleanup activities

hexavalent chromium per kW-h.

encountered at Superfund sites.

Each of these cost

, _ _ categories is defined and discussed below and form the
* Based on information from the developer, the onlingy5sjs for the detailed estimated costs presented in Tables
percentage will be 85 percent for the ISEE system. 3.1 ang 3-2. Table 3-1 provides a detailed breakdown by

e Based on the hexavalent chromium removal rat

measured during Test 13 and an online percentage?))g

85 percent, the treatment time for the ISEE system i
approximately 5 weeks to remove 200 g of hexavalertt
chromium.

 Based on information from the developer, th
combined total operating and maintenance labor tim
during on-site treatment is 8 hours/week.

cost category. Table 3-2 lists each category’s cost as a
rcent of the total cost.
ligation of the responsible party or site owner are
Smitted from this cost estimate and are indicated by a line

Costs assumed to be the

---) in Tables 3-1 and 3-2. Categories with no associated
costs are indicated by a zero (0) in Tables 3-1 and 3-2.
eCosts presented in this report are order-of-magnitude
stimates as defined by the American Association of Cost
ngineers, with an expected accuracy within +50 percent
and -30 percent; however, because this technology is new,

- Based on information from the developer, 80 hours o€ actual range may be wider. The 12 cost categories
labor will be required for startup of the ISEE system&*@mined and assumptions made are also described in
detail below.
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Total Treatment Wolgme
Ma=s af Hezavalent Chremiumn Removed
Treairent Time

Crsl Categories

Table 3-1. Estimated Costs for Treatment Using the SNL ISEE System

16 yd*
Z00q
Hhweeks

Sy

Eite and Facility Freparation Coxsis
Sita dasign and' layoul

SJrvey and sie nvestigaticns

Legal searshes

Acodys 1ighls and reads

Preparahar for suppart facili es

Apmeary building s

Transporahan of waste Teed

Technoagy-specific recuremenis
Total Site and Facility Preparation Costs

Permitting and Regulatory Coste
Farmits
Sysbem monitar ng requirerents

Dewvelapment af menitering ard ana.ylical pratecals

Total Pemmikting and Regulatary Costs

Equiprranl Costs

Annyalired purchasea eqdipment cost

Equipment rentalllzase
Total Equipmenl Cofl%

Startup and Fixed Costs
Sy sbarn inslallaticn
Slartup labor
Equiprmer t rabilizator
Insurance ard taxes
Initiation 2 menitering proarams
Contingency

Total Slartup and Fixed Costs

Labor Cosls
Cperat.or
Total Labar Cosls

Supplies and Cansuma blas Cosls
Ancde cosings
Cathode casings
Flu ilknng
FPE
Sodim hydnogide
Tatal Supplies and Consumables Cosls

Litilities Cosls
El=ctricily
Waler

Tatal Uilhilles Cozia

[T-REN N Rl
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Table 3-1. Estimated Costs for Treatment Using the SNL ISEE System (continued)

Tatal Treatmeni Yalume 1E wd®
Mass of Hasavalarl Chromiom Removed 200 g
Treatmean? Tire 5 wiaeks
ot Calegares Fyd”

Effluent Treatment and Disposal GCosts
Or-sie facily costs
Oif-zite facility costs

-d e alfluene 4F

-cathcde efluent C

Tatal Effluent Treatment and Bispogal Cogts 46
Residuals and Wasts Shipping, Handling and Transporl Cosis

Lzl guthng 5 SH

FPE and zmal equipment 14

Total Residuals and Waste Shipping, Handling and Transport Cosls 114

Analytical Coslks
Cperations (for deve loper s purposas)
Env renmenial menitorirg (regulatary -
Toral Analylical Costs B

d

Facillty Modificalion, Repalr, and Replacenment Cosls

Design ad|. stments ) 1
Roufe maintenance (materials and lape " n
Equipment replacerert 1]
Total Fachllty Modfication, Repair, and Replacement Cogts * 0
Sie Restaratlon C.osts
&ite cleanup and restcration ---
- Technokgy spesific 141
Fermanent shorage -
Twotal 5ile Restoration Cosbs 141
TOTAL OPERATING COSTS" 1.36R
{1,800
hies:
q = Sram
PFPE = Freersenal profeciied quiplineat
L ki yard
--- = o5l cmitted becauss assumed o be respansible party or site owner obl.gahar
= = Less Iman

Ma-ntenance "abar s included under cperating lanc: casts
Tartal aperating cosls roundad off nea-est 5100,
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Table 3-2. Estimated Cost Percentages for Treatment Using the SNL ISEE System

Total Traatment Volume 1E yd?

MAss o1 Hexavalent Chiomo Ramaved 20 g
Treatnent Timne A wapkes
Coste Unils [Ziged g
S+te Facility Preparation Costs 134 3T

Permitt.ng and Regulatory Costs - -

Equ 'pment Casts Ta 5.3
Startup and Fivea Sosts BEG 4T §%
Laber Costs 125 8. 1%
Supphes and Consumakb s Cosls 0 0 5%
ULk Co5ts 10 0 T
Effluart Trealmeat and Dispesal Cosls <5 3 1%
Reamduals Steppng, Hand ng, and 1ansgor Cosls ‘14 B 3%
Analylical Cosbs i 0 4%
Farility Madificatans, Eapair, ane Replacemant Casts o a“as
Gire Restoratian Casts Ta 13 3%
Tatal Cogts (Shyd*) 13658

Mates:

g - >ram

wd* = Cubic yarc

--- = Cosl armctad belawst assumed 1 bd esponsble party or Sk aeenen abligation

* Mantenance 1aaces 15 inclided unger operatng labor cosis

48



3.3.1 Site and Facility Preparation Costs costs and are prorated based on the amount of time the
equipment is used for the project. The annualized

For the purposes of these cost calculations, “site” refers firchased equipment cost is calculated based on a 15-year

the location of the contaminated area. It is assumed th@@uipment life and a 6 percent annual interest rate. The

preliminary site preparation will be performed by theannualized equipment cost is based on the writeoff of the

responsible party or site owner. The amount ofotal initial capital equipment cost and scrap value

preliminary site preparation required depends on the sitdssumed to be zero) using the following equation

Site preparation responsibilities include assessment of sigouglas 1988; Peters 1980):

design and layout, surveys and site investigations, legal

searches, securing of access rights and construction of i1+ i)"

access roads, preparation of support and decontaminatiofiapital recovery= (V - V) ————=— (3-1)
facilities, construction of fixed auxiliary buildings, and L+t -1
transportation of waste feed. Because these costs are sHélere:
specific, they are not included as part of the sit&/ = cost of the original equipment
preparation costs in this estimate. Vv = salvage value of equipment

n = equipment life
The cost estimate assumes that the site has been = annual interest rate

characterized during previous investigations; therefore,

characterization data are available to document thdurchased equipment for the ISEE technology includes
electrical conductivity of soil pore water, contaminant iofour anodes, eight cold finger cathodes, a water control
concentrations in the pore water, hydraulic conductivitySystem, a vacuum control system, a power supply system,
soil moisture content, subsurface conditions regarding arjd @ monitoring system. This cost estimate assumes that

metallic objects, soil mineralogy, and the presence dPEE system used during Test 13 requires one vacuum
VOCs in soil. pump, one air compressor, two chillers, four controllers

(one for each anode), one rectifier, electrode cabling, one

For these cost calculations, only technology-specific sitékid loader, and one hurricane sampler. The developer
preparation costs are included. These costs are limited@stimates the total capital cost of the ISEE system used
costs for connecting utilities to the ISEE system. It igluring Test 13 to be $78,400. This cost was used to
assumed that the site has electrical supply lines, telephof@lculate the prorated annualized purchased equipment
lines (or a cellular telephone service), and potable wate¢0st based on treatment time for the ISEE system. Based
The developer estimates the cost for utilities connection @1 the hexavalent chromium removal rate measured

be $3,000. during Test 13 and an online percentage of 85 percent, the
treatment time for the ISEE system is approximately 5
3.3.2 Permitting and Regulatory Costs weeks to remove 200 g of hexavalent chromium.

Permitting and regulatory costs are generally thgented equipment includes a trailer at a rate of $200 per

obligation of the responsible party or site owner. ThesB1oNth based on a 30-day month. This cost estimate

costs may include actual permit costs, system monitoriz{gsumes that a trailer will be rented for 2 months for

requirements, development of monitoring and analytic moving 200 g of hexavalent chromium.
protocols, and health and safety monitoring. Permittin . . . :
and regulatory costs can vary greatly because they are si%the(ljSCEE sysktjetr)n IS {leplléég to Sﬁ'ls th.iat contain (;/Ogé
and waste-specific. No permitting costs are included i e VOCs would be stripped from the soil matrix and V

this analysis. Depending on the treatment site, thesecogﬁgnitoring equipment would be required. This

can be a significant factor because permitting can brgquirement would result in increased costs for purchased
expensive and time consuming equipment and increased costs for VOC migration control

and monitoring (depending on the VOC migration control

3.3.3 Equipment Costs equipment selected).

Equipment costs include purchased and rented equipment.
Purchased equipment costs are presented as annualized

49



3.3.4 Startup and Fixed Costs 3.3.6 Supplies and Consumables Costs

For these cost calculations, startup and fixed costs inclu@®upplies costs are limited to personal protective
system installation (costs) estimated by the developer equipment (PPE), anode casings, cathode casings, and
be $5,000; startup labor costs estimated by the developgumbing supplies. The cost of PPE is estimated at $5 per
to be 80 hours at a rate of $50 per hour; and equipmeweek. SNL does not expect to replace the anode casings,
mobilization costs estimated by the developer to b¢he cathode casings, or the plumbing while operating the
$1,500. System installation includes costs (includingSEE system for removing 200 g of hexavalent chromium
labor) for installing the anodes, the cold finger cathodesecause of short duration of treatment.

plumbing, and all other aboveground ISEE system

equipment. Startup labor includes shakedown testing @onsumables costs are limited to sodium hydroxide. Itis
the ISEE system. Mobilization costs assume that all of thessumed that sodium hydroxide volume requirements are
ISEE equipment (including the control trailer) can bebased on observations made by the developer during Test
mobilized to the site for $1.50 per mile for 1,000 miles13 of the SITE demonstration (65 g of sodium hydroxide
This cost estimate assumes that treatability studies per hour at a cost of $2 per kilogram of sodium hydroxide).
pilot-scale studies have already been performed.

Technology-specific site preparation costs are discusse®l 3.7 Ultilities Costs

in Section 3.4.1.

Utilities required are limited to electricity and water for the
No insurance and taxes, initiation of monitoring programsg|ectrodes, chillers, and control equipment. Costs for a
or contingency costs are included because the demonstrat't@[bphone line for remote access to the data logger are not
system is not designed to be a commercial system. OftgAcluded because they are assumed to be the obligation of
insurance and taxes can be estimated to be 10 percenié responsible party or site owner. The volume of water
the total annual purchased equipment costs. Als@equired is estimated to be 6 gallons per day based on the
depending on the site and location of the ISEE systergyerage volume of effluent collected during Test 13.
local authorities may impose specific guidelines folyater rates are assumed to be $0.20 per 1,000 gallons.
monitoring programs. The stringency and frequency of|ectricity for the electrodes is based on the 0.14 g/kW-h
monitoring required may have significant impact onhexavalent chromium removal efficiency calculated for
project costs. Contingency costs are often equal to the cosést 13. Based on information provided by the developer,
of insurance and taxes. Contingency costs allow faglectricity for the chillers is estimated to equal the
unforeseen or unpredictable cost conditions, such aSectricity required for the electrodes, and electricity for
strikes, storms, floods, and price variations (Peters 198ge control equipment is estimated to be one-quarter of the

Garrett 1989). electricity required for the electrodes. Electricity costs are
based on an assumed removal efficiency of 85 percent and
3.3.5 Labor Costs electricity rates of $0.05/kW-h.

Hourly labor rates for ISEE system operation are3.3.8 Effluent Treatment and Disposal
estimated at $50 per hour and include base salary, benefits, Costs

overhead, and general and administrative expenses. For

this cost estimate, operating labor is aSSU'T‘ed to ConS'StRF\ode effluent requires effluent treatment and disposal.
one wprker for_ 8 hours_ per week durlng' treatmente, yhis cost estimate, it is assumed that the effluent
Operating labor includes time for ge”e'Fa' maintenance %Iisposal cost (including transportation) is $185 per 55-
the ISEE system. In addition, operating labor include allon drum. Effluent volumes generated are based on the

time for activities such as collection of anode e_ffluen verage volume of anode effluent generated during Test
samples, replacement of full effluent barrels, addition o 3 (approximately 6 gallons per day)

sodium hydroxide to the pH control barrels, soil moisture
content measurement using neutron hydroprobes, and
field analysis of hexavalent chromium in anode effluent
samples.
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3.3.9 Residuals and Waste Shipping, cost estimate. Future cost analysis of the commercialized
Handling, and Transport Costs ISEE system should include site modification costs, and
’ these costs would be more indicative of site modification

It is assumed that the only residuals or solid wastee°sts for the ISEE system.

generated from use of the ISEE system will be drill ) )

cuttings and used PPE and small equipment. The disposat3-12 Site Restoration Costs

cost (including transportation) for solid waste is estimated

at $260 per 55-gallon drum. If the solid waste is nobite restoration requirements vary depending on the future
classified as hexavalent chromium-contaminated, thése of the site and are assumed to be the obligation of the
disposal cost may be less. For this cost estimate, it {§sponsible party or site owner. Therefore, the only site

estimated that six 55-gallon drums of drill cuttings and ongestoration costs included are for technology-specific site

55-gallon drum of used PPE and small equipment will béestoration, including demobilization of ISEE system

generated for removing 200 g of hexavalent chromium. €quipment and grouting the electrode boreholes.  The
developer estimates that technology-specific site restoration

3.3.10 Analytical Costs costs will be limited $1,500 for demobilizing the ISEE
system equipment and $750 for grouting the boreholes.

Only spot checks executed at the developer’s discretion (1o ,

estimate hexavalent chromium concentrations in the-4  Conclusions

anolyte and to verify that the ISEE system is functioning

properly) are included in this cost estimate. The client majecause the treatment volume is only 16aytl the ISEE
elect or may be required by local authorities to initiate gystem configuration used during Test 13 is currently at
planned sampling and analytical program at the clientthe pilot-scale level, the cost peryd treated soil is very
expense. The cost for the deve|oper’s Spot checks ||'§gh, the estimated treatment costs are about $1,400 per
estimated at $5 per sample for field analysis. For thgd® for 200 g of hexavalent chromium removed. If SNL is
purposes of this cost estimate, it is assumed that Oﬁé)le to further Optimize the ISEE SyStem Configuration SO
sample per week per anode will be field analyzed. Labdhat hexavalent chromium removal rate increases from
costs for collection of Samp|e5, field ana|ysis of Samp|e§hat calculated for Test 13, treatment time and costs will be

and evaluation of field data are included under labor cost§wer. As mentioned above, costs from economic analysis
of a full-scale ISEE system would be more indicative of

The analytical costs associated with environmentgtosts of a commercial-scale ISEE system.

monitoring are not included in this estimate because

monitoring programs are not typically initiated by the

developer. Local authorities may, however, impose

specific sampling and monitoring requirements; therefore

analytical costs could contribute significantly to the cost of

the project.

3.3.11 Facility Modification, Repair, and
Replacement Costs

System maintenance costs are assumed to consist of
maintenance labor and materials. Maintenance costs are
limited to supplies and labor. Maintenance supplies are
included under supplies and consumables costs.
Maintenance labor costs are included as operating labor
under labor costs. As stated above, the developer plans to
significantly redesign the ISEE technology for full-scale
remediation. Therefore, no facility modification costs are
included for the ISEE demonstration system used for this
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Section 4
Technology Status

The SNL ISEE system SITE demonstration has shown th&ite information pertinent to electrokinetic remediation
in situ remediation of chromate-contaminated, unsaturatedcludes the following:
sandy soil at the field scale is possible. Vendor claims for
the ISEE system technology are discussed in the append&eneral information
Chromate ions were transported electrically through sail
to anodes and then extracted to the soil surfaces Contaminated area size and depth
Furthermore, the ISEE system controlled water addition
so that the net addition of water to soil was negligible® Ultilities layout
during the demonstration.

» Depth to groundwater
The SNL ISEE system electrode lysimeters can treat soil
having virtually any moisture content. Previous
elgctrokinetic treatment m_ethods are confined to Saturat%emical information
soil and clay near saturation. The ISEE system’s porous
ceramic casings contain contaminants in electrolyte fluid,
that can be pumped out and disposed of. Unlike traditional
electrokinetic extraction systems that use groundwatet Contaminant concentrations and distribution
wells, the ISEE system’s lysimeter system controls the
amount of water pumped out of the electrodes. » Pore water electrical conductivity

Soil type and moisture content profile

Contaminant type

Presently, the ISEE system demonstrated at UCAP is Soil buffering capacity
housed in a portable semitrailer. This trailer houses the o

electrode controls, power supply system, and datd Sorption isotherm contours
collection system. the trailer can also serve as a portable
laboratory for on-site analyses. Up to 10 electrode pairs
can be powered _using the configuration used during th@ther information
SITE demonstration.

Concentration of other ions and their distribution

Data obtained from this demonstration allowed SNL to. Electrical conductivity distribution

develo_p a_three-phase, _seq'uentlal a_pp_roach to evaluate,a glgctrical conductivity functionality with respect to

potential glte forelectqul_netlp remedliatlon. During Phase  yoisture content

1, SNL will collect existing information and perform a

preliminary assessment of the applicability of electrokinetice  Zeta potential measurements

remediation to a site. If the site looks promising, Phase 2

will be conducted to further evaluate site soil ande Surface geophysical surveys

contaminants and to provide additional information for

Phase 3. Phase 3 consists of design of the remediatiBAase 2 would involve a bench-scale feasibility study to

system and calculation of the total costs of remediation €valuate potential cleanup levels. Soil collected from the
proposed site would be placed in electrokinetic plexiglass
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cells with an electrode at each end. A constant current
would be applied to each cell, and periodic measurements
would be taken to evaluate contaminant movement as a
function of applied current (in amperes) per hour. Overall
removal efficiency and residual contaminant concentrations
would then be calculated. Additional testing would also be
conducted during Phase 2, such as chemical and electrical
analysis of soil, if this information was not obtained during
Phase 1.

During Phase 3, full-scale system design would be
performed, and parameters such as electrode spacing,
length of time for remediation, expected power

requirements, and total cost of remediation could be
determined.
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Appendix A
Vendor’'s Claimsfor the Technology

The Superfund Innovative Technology Evaluation (SITEjests have been conducted to further characterize
demonstration of the In Situ Electrokinetic Extractionelectrokinetics. This emerging technology has the
(ISEE) system developed by Sandia National Laboratorigstential for removing heavy metals, radionuclides, and
(SNL) confirms that electrokinetic extraction is a viable inmany organic species dissolved in pore water from
situ remediation alternative for the removal of heavycontaminated soil. Presently, large field-scale
metals from unsaturated soils. Electric current is appliedemonstrations of electrokinetic technologies are being
to soil to be remediated, thereby causing soluble metals ¢@nducted in the United States.

migrate to an electrode where they are removed using the

patented SNL technology. Advantages and innovativRemoval of many inorganic contaminants by electrokinetic
features of the ISEE system and the status of themediation in saturated or near saturated soils has been

electrokinetic technology are discussed below. documented in literature. Metal cations such as copper,
zinc, chromium, iron, cobalt, nickel, arsenic, cadmium,
Advantages and Innovative Features lead, mercury, and uranium ions, as well as anions such as

chloride, cyanide, nitrate, and sulfate, have been
Advantages and innovative features of the ISEE systesuccessfully removed from soil using electrokinetics.
are as follows: Although the focus of electrokinetics has been on
inorganic contamination, organic contaminants such as
» Works in soil with low moisture content and effective polynuclear aromatic hydrocarbons have been also

in sandy and clayey soils removed (EPRI 1994). No theoretical or technical reasons
_ _ are documented to indicate that organic and inorganic
+ Contaminant removed from unsaturated soil contaminants cannot be removed using electrokinetic

. . technology on unsaturated soils.
* No net water addition to soil

» Soil remediated to less than toxicity characteristicRecemly’ be'nch-scale studies of thg use of citrate to
leaching procedure (TCLP) limits femove uranium from unsaturgted sqlls were condupted
(SNL 1997). In unsaturated soil, uranium normally exists
primarily as a cation in the +6 state as U®ecause of
prevailing oxidation conditions. In this oxidation state, the
« Can be used as a contaminant barrier under landfili§ation will readily sorb to soil. During the bench-scale
studies, citrate was injected at the cathode electrode

« Remaining soil not sterile when remediationcasing. The citrate electromigrated across the test cell and

» Compatible with biodegradation remediation system

completed chemically interacted with the uranium cations to form the
anionic complex (UCCitrate)’. This complex continued
Electrokinetic Technology Status electromigration to the anode. The uranium complex was

then extracted from soil through the electrode casings of
Although electrokinetics was discovered by Reuss ithe ISEE system.
1809, it was not until the mid-1980s that the idea to
remediate soil using electrokinetic technology appearedt is important to note that the system evaluated during this
Since 1985, numerous laboratory studies and small-sca##TE demonstration is an SNL research prototype system
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and not a system that would be used for actual remediation.
The SNL ISEE system used for electrokinetic remediation
during the demonstration monitors many parameters
necessary to evaluate electrokinetics. To conduct an
actual remediation project, SNL’s current research efforts
have developed a low-maintenance extraction system that
can operate unsupervised for long periods of time. This
new system is to be implemented simply through initial
setup, periodic inspection of system operation, and final
dismantlement and removal of system equipment. Cost of
remediation using the new system will be dramatically
reduced because of the passive nature of its operation.

This SITE demonstration shows that electrokinetics is
applicable to unsaturated sandy soil. Contaminants can be
transported through soil pore water and collected and
removed at the electrodes. By utilizing surfactants or
complexents, electrokinetic remediation can be applied to
many contaminants besides heavy metals.
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